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Abstract
Radiation therapy is widely used for treatments of malignant diseases. The search for the optimal radiation treatment
approach for a specific case is a complex task, ultimately seeking to maximise the tumour control probability (TCP) while
minimising the normal tissue complication probability (NTCP). Conventionally, standard curative treatments have been
delivered with photons in daily fractions of 2 Gy over a period of approximately three to eight weeks. However, the interest
in hypofractionated treatments and proton therapy have rapidly increased during the last decades. Given the same TCP
for a photon and a proton plan, the proton plan selection could be made purely based on the reduction in NTCP. Such a
plan selection system is clean and elegant but is not flawless. The nominal plans are typically optimised on a single three-
dimensional scan of the patient trying to account for the treatment related uncertainties such as particle ranges, patient
setup, breathing and organ motion. The comparison also relies on the relative biological effectiveness (RBE), which relates
the doses required by photons and protons to achieve the same biological effect. The clinical standard of using a constant
proton RBE of 1.1 does not reflect the complex nature of the RBE, which varies with parameters such as linear energy
transfer (LET), fractionation dose, tissue type and biological endpoint.

These aspects of proton therapy planning have been investigated in this thesis through five individual studies. Paper
I investigated the impact of including models accounting for the variability of the RBE into the plan comparison
between proton and photon prostate plans for various fractionation schedules. In paper II, a method of incorporating RBE
uncertainties into the robustness evaluation was proposed. Paper III evaluated the impact of variable RBE models and
breathing motion for breast cancer treatments using photons and protons. In Paper IV, a novel optimisation method was
proposed, where the number of protons stopping in critical structures is reduced in order to control the enhanced LET and
the related RBE. Paper V presented a retrospective analysis with alternative treatment plans for intracranial cases with
suspected radiation-induced toxicities.

The results indicate that the inclusion of variable RBE models and their uncertainties into the proton plan evaluation
could lead to differences from the nominal plans made under the assumption of a constant RBE of 1.1 for both target and
normal tissue doses. The RBE-weighted dose (DRBE) for high α/β targets (e.g. head and neck (H&N) tumours) was predicted
to be slightly lower, whereas the opposite was predicted for low α/β targets (e.g. breast and prostate) in comparison to
the nominal DRBE. For most normal tissues, the predicted DRBE were often substantially higher, resulting in higher NTCP
estimates for several organs and clinical endpoints. By combining uncertainties in patient setup, range and breathing motion
with RBE uncertainties, comprehensive robustness evaluations could be performed. Such evaluations could be included in
the plan selection process in order to mitigate potential adverse effects caused by an enhanced RBE. Furthermore, objectives
penalising protons stopping in risk organ were proven able to reduce LET, RBE and NTCP for H&N and intracranial
tumours. Such approach might be a future optimisation tool in order to further reduce toxicity risks and maximise the
benefit of proton therapy.

Keywords: proton therapy, relative biological effectiveness, linear energy transfer, proton track-end optimisation,
radiation-induced toxicity.
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Abstract 

Radiation therapy is widely used for treatments of malignant diseases. The 

search for the optimal radiation treatment approach for a specific case is a 

complex task, ultimately seeking to maximise the tumour control probability 

(TCP) while minimising the normal tissue complication probability (NTCP). 

Conventionally, standard curative treatments have been delivered with 

photons in daily fractions of 2 Gy over a period of approximately three to eight 

weeks. However, the interest in hypofractionated treatments and proton 

therapy have rapidly increased during the last decades. This adds complexity 

to the plan selection process, as decision criteria are needed to determine 

which patients are eligible for hypofractionated treatment and/or proton 

therapy. Given the same TCP for a photon and a proton plan, the plan selection 

could be made purely based on the reduction in NTCP. Since photon therapy 

is substantially cheaper than proton therapy and far more treatment units are 

being available, the proton plan must demonstrate a substantial NTCP 

reduction in order to be selected for treatment. Such a plan selection system is 

clean and elegant but is not flawless. The nominal plans are typically 

optimised on a single three-dimensional scan of the patient trying to account 

for the treatment related uncertainties such as particle ranges, patient setup, 

breathing and organ motion. The comparison also relies on the relative 

biological effectiveness (RBE), which relates the doses required by photons 

and protons to achieve the same biological effect. The clinical standard of 

using a constant proton RBE of 1.1 does not reflect the complex nature of the 

RBE, which varies with parameters such as linear energy transfer (LET), 

fractionation dose, tissue type and biological endpoint. 

 These aspects of proton therapy planning have been investigated in this 

thesis through five individual studies. Paper I investigated the impact of 

including models accounting for the variability of the RBE into the plan 

comparison between proton and photon prostate plans for various 

fractionation schedules. It also presented a pragmatic re-optimisation method 

of proton plans, which accounts for the variable RBE based on the underlying 

LET distribution. In paper II, a method of incorporating RBE model 

uncertainties into the plan robustness evaluation was proposed and 

subsequently applied on three treatment sites using two RBE models. Paper 

III evaluated the impact of variable RBE models and breathing motion for 

breast cancer treatments using photons and protons. In Paper IV, a novel 

optimisation method was proposed, where the number of protons stopping in 

critical structures is reduced in order to control the enhanced LET and the 

related RBE. Paper V presented a retrospective analysis of three intracranial 



patient cases with suspected radiation-induced toxicities following proton 

therapy. Alternative treatment strategies were also proposed, including the 

proton track-end optimisation method from paper IV. 

 The results from the individual studies indicate that the inclusion of 

variable RBE models and their uncertainties into the proton plan evaluation 

could lead to differences compared with the nominal plans made under the 

assumption of a constant RBE of 1.1 for both target and normal tissue doses. 

The RBE-weighted dose (DRBE) for high α/β targets (e.g. head and neck 

(H&N) tumours) was predicted to be similar, or slightly lower, whereas the 

opposite was predicted for low α/β targets (e.g. breast and prostate) in 

comparison to the nominal DRBE. For most normal tissues, the predicted DRBE 

were often substantially higher, resulting in higher NTCP estimates for several 

organs and clinical endpoints. By combining uncertainties in patient setup, 

density and breathing motion with RBE uncertainties, fast comprehensive 

robustness evaluations could be performed. Such evaluations could be 

included in the plan selection process in order to quantify and mitigate 

potential adverse effects caused by an enhanced RBE in the search for the 

optimal treatment approach. Furthermore, the proposed LET-based re-

optimisation could serve as a pragmatic solution for prostate and breast cases 

to fulfil clinical goals assuming variable RBE models, whereas objectives 

penalising protons stopping in organs at risk were proven able to reduce LET, 

RBE and NTCP for H&N and intracranial tumours. Hence, proton track-end 

optimisation might be a generalised indirect RBE optimisation tool for further 

toxicity reductions in order to maximise the benefit of proton therapy. 

 

 

 

 

 

 



Sammanfattning 

Cancer är en allt vanligare sjukdom och idag förväntas ungefär var tredje 

person att drabbas under sin livstid. Behandlingen av cancer består som regler 

av flera olika modaliteter, där strålbehandling ges till ungefär hälften av 

patienterna någon gång under behandlingen. Sökandet efter den optimala 

strålbehandlingen för ett specifikt fall är en komplex uppgift där målet är att 

maximera sannolikheten för att oskadliggöra tumören samtidigt som 

sannolikheten för biverkningar ska försöka minimeras. Konventionellt ges 

strålbehandlingen med röntgenstrålning en gång per dag, fem gånger i veckan 

under en period av ungefär tre till åtta veckor. Intresset för att korta ner den 

totala behandlingstiden, samt att använda protoner istället för röntgenstrålning 

har ökat under de senaste årtiondena. Eftersom strålbehandling med 

röntgenstrålning är billigare och mycket mer utbredd än protonbehandling har 

fokus varit på att minska biverkningarna med samma sannolikhet för 

tumörkontroll för att selektera patienterna med den största nyttan av 

protonbehandling. Förutom fysikaliska osäkerheter relaterad till behandlingen 

så som protonernas räckvidd i patienten, uppställning av patienten, andning 

och organrörelse, behöver även den relativa biologiska effektiviteten (RBE) 

mellan röntgenstrålning och protoner tas i beaktning vid protonbehandling. 

RBE relaterar de doser som krävs av röntgenstrålning och protoner för att 

uppnå samma biologiska effekt. Den kliniska standarden med en konstant 

RBE-faktor för protoner tar inte hänsyn till dess variation med parametrar som 

stråldos, vävnadstyp, energiöverföring per längdenhet och biologisk respons. 

 Denna avhandling består av fem individuella studier där RBE-modeller 

som tar hänsyn till variabiliteten i RBE inkluderats i utvärderingen av 

protonbehandlingar. Förutom detta har även två metoder med indirekt 

optimering av RBE utvecklats. Resultaten visar att variabla RBE-modeller 

generellt predicerar högre RBE-värden än den kliniska konstanta faktorn för 

många riskorgan. Detta kan potentiellt öka risken för strålningsrelaterade 

biverkningar. Genom att kombinera fysikaliska och biologiska 

behandlingsrelaterade osäkerheter kan denna potentiella ökande risk 

utvärderas och inkluderas i sökandet efter den optimala behandlingsmetoden. 

Vidare har den indirekta optimeringen av RBE visats kunna användas för att 

producera planer med lägre risk för vissa biverkningar jämfört med 

konventionellt optimerade planer. Således kan detta vara ett framtida 

optimeringsverktyg för att ytterligare minska biverkningsriskerna och 

maximera fördelarna med protonbehandling.
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Outline of the thesis 

This compilation thesis focuses on investigating the impact of relative 

biological effectiveness (RBE) of proton therapy in combination with other 

treatment related uncertainties on the evaluation of the treatment. The thesis 

comprises of six introductory chapters that provide the context for the results 

presented in the series of five scientific papers. Chapter 1 provides background 

to the work, followed by a short introduction of the underlying radiation 

physics and biology of photons and protons in chapters 2 and 3. Chapter 4 

presents some concepts in photon and proton radiation therapy, including 

treatment planning and plan robustness. The main conclusions of the thesis 

are summarised in chapter 5, followed by summaries of the five individual 

studies in chapter 6.  

 Part of the text constituting this doctoral thesis was originally included 

in my licentiate thesis: Proton plan evaluation: a framework accounting for 

treatment uncertainties and variable relative biological effectiveness from 

September 2017. The following sections of the thesis have been reused: 

 

– The abstract is partially reproduced from the abstract in the licentiate 

thesis. 

– The introductory section 1 is rewritten and extended, based on section 

1 in the licentiate thesis. 

– Figures 2.1 and 2.4 in sections 2.1.1 and 2.4.3 are inspired by Figure 

1 in the licentiate thesis. 

– Section 2.4 (with subsections 2.4.1, 2.4.2 and 2.4.3) on the linear 

energy transfer, is an extended version of section 3.1 in the licentiate 

thesis. Some paragraphs are fully reproduced, whereas most are 

rewritten and extended. 

– Section 3.3 (with subsections 3.3.1 to 3.3.4) on the relative biological 

effectiveness, is based on section 3.2 (with subsections 3.2.1 to 3.2.4) 

in the licentiate thesis. Some paragraphs are fully reproduced, 

whereas most are at least slightly rewritten. 

– Section 3.4.3 on models of the relative biological effectiveness is 

partially reproduced from section 3.3 (with subsection 3.3.5) in the 

licentiate thesis. 

– Section 4.4 (with subsections 4.4.1 and 4.4.2) on the robustness of 

plans, is partially reproduced from section 4 in the licentiate thesis. 

– Section 4.5.2 on biological model-based patient selection partially 

reuses some paragraphs from section 5 in the licentiate thesis. 
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3D-CRT Three-dimensional conformal radiation therapy 

BED   Biologically effective dose 

CI   Confidence interval 

CSDA  Continuous slowing down approximation 

CT   Computed tomography 

CTV  Clinical target volume 

DECT  Dual-energy computed tomography 

DRBE   Relative biological effectiveness (RBE)-weighted dose 

DNA  Deoxyribonucleic acid 

DSB   Double-strand break 
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   Measurements 

IMPT  Intensity modulated proton therapy 

IMRT   Intensity modulated radiation therapy 

kV   kilo-voltage 

LEM  Local effect model 

LET   Linear energy transfer (generally unrestricted) 

LET∞  Unrestricted linear energy transfer 

LETΔ  Restricted linear energy transfer  

LETd  Dose-averaged linear energy transfer 



LETt  Track-averaged linear energy transfer  

LKB  Lyman-Kutcher-Burman 

LQ   Linear quadratic 

MC   Monte Carlo 

MCS  Multiple Coulomb scattering 
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MRI   Magnetic resonance imaging 

MV   Mega-voltage 
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RMF  Repair-misrepair-fixation 

ROI   Region of interest 

Stot   Total stopping power 

Sel   Electronic stopping power 

Snuc   Nuclear stopping power 

Srad   Radiative stopping power  

SFUD  Single field uniform dose 

SI   International System of Units 

SOBP  Spread-out Bragg peak 

SPR   Stopping power ratio relative to water 

SSB   Single-strand break 

TCP   Tumour control probability 

VMAT  Volumetric modulated arc therapy 
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1. Introduction 

The medical use of ionising radiation for treatment of malignant diseases was 

almost immediately realised after the discoveries of x-rays in 1895, 

spontaneous radioactive decay in 1896, and radium in 1898. During the 

century that has passed, the predominant radiation quality for treatment has 

changed from radioactive sources, through the era of artificially produced 

spectra of kilo-voltage (kV) and ortho-voltage photons, to today’s use of 

mega-voltage (MV) photons. The introduction of linear accelerators, three-

dimensional images using computed tomography (CT) and magnetic 

resonance imaging (MRI), and the use of computers for dose calculation has 

thereafter revolutionised radiation therapy over the last decades. Another 

milestone was the introduction of inverse optimisation in radiation therapy 

(Brahme et al 1982), which eventually lead to the introduction of intensity 

modulated radiation therapy (IMRT) in the clinic (IMRT Collaborative 

Working Group 2001). This fundamental reformation of radiation therapy was 

an important step to conform the dose to the tumour, and simultaneously spare 

organs at risk (OARs). 

 In addition to radioactive sources and artificially produced photons, 

neutrons, electrons and ion species including protons have been explored as 

therapeutic modalities. This was realised in the aftermath of the pioneering 

exploration of the atom and its internal components, where Robert R. Wilson 

suggested the use of fast protons as a new radiation therapy modality (Wilson 

1946). The rationale for using protons and heavier ions was based on the finite 

range of charged particles, the small lateral beam deflection from collisions 

with atomic electrons and the characteristic depth dose distribution with a low 

energy deposition up to the very end of the range where a rapid increase of the 

energy deposition forms the so-called Bragg peak. Hence, protons and heavier 

ions have the capability of eliminating the exit dose and produce a 

geometrically advantageous dose distribution in comparison with 

conventional photon therapy (Paganetti 2012a).  

 The first proton therapy treatment was realised in 1954 in Berkeley, 

USA, shortly followed by the first European proton treatment in Uppsala, 

Sweden, in 1957 (Paganetti 2012a). Following these pioneering treatments, 

the exploration of radiation therapy using protons, helium, carbon, and neon 

ions continued. However, despite the promising therapeutic properties of 

heavier ions, proton therapy is currently the predominant ion treatment 

modality in use, although carbon ion therapy is also used but only in a limited 

fashion. Note that other ions might still be candidates for radiation therapy in 

the future (Brahme 2004). Besides a quite recent increased clinical interest in 
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proton therapy, some important technological leaps have paved the way 

towards making proton therapy a standard treatment modality (Paganetti 

2012a). Because of this, the capacity of treating patients with protons has 

rapidly increased worldwide. However, the number of photon treatment 

facilities still far outnumbers the number of proton facilities. Combined with 

its matureness, technical advancement, and cost effectivity, this still makes 

photon therapy the standard treatment modality for radiation therapy. It 

should, however, be recognised that the selection of an optimal treatment for 

an individual patient is a multi-dimensional optimisation problem, which 

essentially seeks to maximise the therapeutic gain for the specific patient. This 

could be formulated as seeking the maximum of the tumour control 

probability (TCP) while simultaneously minimising the normal tissue 

complication probability (NTCP). This is achieved by exploring the dose 

distribution domain together with other key parameters such as radiation 

quality, fractionation schedule and individual biological features. 

Consequently, the search for an optimal treatment approach is a complex task, 

and due to geometrical, physical and biological reasons, there will always be 

a trade-off between the TCP and NTCP objectives for any given treatment 

plan.  

 As photon treatments have developed rapidly during the last decade, the 

focus for selecting patients eligible for proton therapy has mainly been on the 

reduction of NTCP, rather than the potential increase of TCP compared with 

photon therapy. Hence, by setting the TCP to a fixed level, the patient 

selection could be made purely by evaluating the ability to reduce the NTCP 

(Langendijk et al 2013, 2018). Such an approach relies heavily on the 

assumption that the TCP is similar between the different modalities even in 

presence of uncertainties related to patient setup, density, breathing motion 

and anatomical changes. Moreover, the assumptions made when comparing 

different radiation qualities with respect to their biological effect are of utmost 

importance. As the energy deposition pattern is different between photons and 

charged particles, the physical dose should be weighted with a factor 

considering the relative biological effectiveness (RBE) caused by this. The 

RBE is defined as the ratio of the absorbed dose of a reference radiation 

quality to the absorbed dose of the radiation quality of interest required for 

equal biological effect (ICRU 1979).  

 Based on the average RBE for in vivo experiments (Paganetti et al 2002), 

the current recommendation by International Commission on Radiation Units 

and Measurements (ICRU) is to use a constant proton RBE of 1.1 (ICRU 

2007). This reflects the assumption that the physical proton dose has a 

constant biological effect equivalent to a 10% higher photon dose, which has 

been adopted by practically all clinical proton centres worldwide. On the other 

hand, the multifactorial nature of the RBE, basic radiobiological principles 

and in vitro data, strongly indicate that the proton RBE in fact is a complex 

function that varies with parameters such as particle type and energy, 

fractionation dose, tissue type, and biological endpoint (Jones 2016, Paganetti 

et al 2002, Paganetti 2014, Tommasino and Durante 2015). Note that such 
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variable RBE predictions come with large uncertainties, and whether this 

should be incorporated in treatment optimisation and evaluation is currently 

under debate within the scientific and clinical proton community (Ödén et al 

2018a, Paganetti et al 2019). Several studies have indicated that a bias might 

be introduced in favour of proton plans when excluding variable proton RBE,  

(Carabe et al 2012, Giovannini et al 2016, Tilly et al 2005, Underwood et al 

2016, Wedenberg and Toma-Dasu 2014, Yepes et al 2019), as the adverse 

effects might be underestimated (Haas-Kogan et al 2018, Peeler et al 2016). 

However, although direct optimisation using variable RBE models is shown 

feasible, and might mitigate such effects (Frese et al 2011, Guan et al 2018, 

Sánchez‐Parcerisa et al 2019, Resch et al 2017), the large uncertainties in 

predicting individual RBE values make this a delicate task. Hence, 

optimisation using physical quantities correlating with RBE, without knowing 

the exact relationship, has been proposed. Several studies have explored the 

possibility of redistributing the linear energy transfer (LET) in order to control 

the enhanced RBE in OARs (An et al 2017, Cao et al 2018, Giantsoudi et al 

2013, Tseung et al 2016, Unkelbach et al 2016). 

 The aim of this thesis was to explore the effects when combining a 

variable RBE with other treatment related uncertainties in proton therapy 

planning. In papers I II and III, the effect of RBE model selection was 

investigated in presences of uncertainties in radiobiological model parameter 

values, fractionation dose, patient setup, density and breathing motion. In 

paper I, a re-optimisation method was also proposed, where a homogeneous 

DRBE could be achieved assuming a LET-dependent RBE model. Tools for 

indirect RBE optimisation were further explored in paper IV, where a novel 

optimisation approach that minimises the number of protons stopping in 

OARs in order to control the enhanced LET and RBE was proposed. This 

method was further explored in paper V, together with LET and RBE analyses 

of clinical cases with suspected treatment related toxicities following proton 

therapy. 
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2. Radiation physics 

The term ionising radiation refers to radiation qualities with the potential of 

ionising atoms. For this, energies high enough to overcome the electron-

binding energies of atoms are required. As ionising radiation transverse 

through a medium, the projectiles will transfer parts of their kinetic energy to 

the medium through various interactions. Depending on the mass, charge, and 

energy of the incoming projectile, different radiation qualities have different 

interaction probabilities, hence also different energy deposition patterns.  

 This section presents a short introduction to the radiation physics of 

photons and protons in terms of their interactions with matter and the concepts 

of absorbed dose and linear energy transfer (LET). 

 

2.1. Interactions of radiation with matter 

2.1.1. Photon interactions 

As photons are uncharged particles, the interaction processes as they traverse 

through matter are unaffected by the Coulomb forces of the surrounding 

atomic electrons and nuclei. The consequence is that photons usually undergo 

few interactions, in which large parts of the kinetic energy is lost. As the nature 

of interactions with matter is a stochastic process, it is impossible to predict 

the fate of an individual photon, whereas the attenuation of a narrow 

monoenergetic photon beam can be characterised by: 

 

 
I = I0 exp (−

μ

ρ
 x) , (2.1) 

 

where I0 is the incident photon intensity, I is the photon intensity after 

penetrating a layer of material with mass thickness x and density ρ, μ is the 

linear attenuation coefficient, whereas μ/ρ is known as the mass attenuation 

coefficient. The μ/ρ may be obtained from measurements of I0, Ⅰ and x, or 

derived from the sum of the cross sections from the principal photon 

interactions with atoms of the material. For photon energies below 1 mega-

electron volt (MeV), these are Compton scattering, Rayleigh scattering, and 

atomic photoelectric effect absorption, whereas the nuclear-field pair 

production also must be considered above the threshold of 1.022 MeV. For 

higher photon energies above 2.044 MeV, the atomic-field (triplet) production 

should also be included (Attix 1986). 



2. Radiation physics 

20 

 Human tissue consists of mainly atoms with low atomic number (Z ≤ 20) 

(Woodard and White 1986), and the majority of energy deposition in photon 

therapy originates from the primary beam of MV photons. Given these 

conditions, the predominant interaction processes is Compton scattering. In 

this interaction process, the incident photon interacts with an atomic electron, 

resulting in a scattered photon and a secondary electron (if the released energy 

is higher than its binding energy). The maximum electron range in a clinical 

photon beams is a few cm in human tissues, while the scattered photon reach 

much further (Attix 1986). 

 

2.1.2. Proton interactions  

In contrast to photons, the positively charged protons experience Coulombic 

forces of the surrounding atomic electrons and nuclei. Hence, the 

characteristics of proton interactions with matter differ greatly compared to 

photons, and consist of three main processes; (1) stopping through collisions 

with atomic electrons, (2) scattering through collisions with atomic nuclei, 

and (3) head-on nuclear interactions (Gottschalk 2012). These three 

interaction types together determine the shape of the proton Bragg peak, which 

is the signature feature of ion therapy.  

 

Stopping of protons 

When protons traverse through matter, they approximately continuously lose 

their kinetic energy through a multitude of inelastic electronic interactions 

with the negatively charged atomic electrons until they stop. In a given 

proton–electron collision, more momentum is transferred to the electron the 

longer the proton stays in its vicinity. Therefore the rate of energy loss 

increases as the kinetic energy of the proton decreases, reaching a maximum 

before all kinetic energy is lost, giving rise to the Bragg peak of ionisation 

near the end of the proton range (Gottschalk 2012).  

 Since the mass ratio between protons and electrons is about 1836, most 

proton trajectories are in principle unaffected by these stochastic interactions. 

The electronic stopping is defined as the mean energy loss per unit length, due 

to interactions with atomic electrons (〈dE/dl〉el). This quantity is more 

commonly expressed as the electronic stopping power (Sel) or the mass 

electronic stopping power (Sel/ρ), and is in close relation to the LET, which is 

handled in section 2.4. The Sel/ρ is calculated with the formula by Bethe (1930) 

for proton energies larger than about 0.5 MeV: 

 

 Sel

ρ
= −

1

ρ
⟨
dE

dl
⟩
el

= κ
ρ

e

ρ

z2

β
2

L(β), (2.2) 

 

where κ is a product of physical constants, ρ is the mass density, ρe is the 

electron density, z is the charge of the projectile (equal to one for protons), β 
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is the proton speed in units of the speed of light (c), and L(β) is the stopping 

number function. For energies below about 0.5 MeV, fitting-formulas to 

experimental data are typically used (ICRU 1993, Janni 1982). The L(β) term 

in Equation (2.2) may be expressed as the sum of three terms (ICRU 1993): 

 

 L(β) = L
0
(β) + zL1(β) + z2L2(β). (2.3) 

 

The second and third terms in Equation (2.3) are the correction terms of 

Barkas and Bloch, respectively, which are small and may be neglected for 

therapeutic proton energies, whereas the first term is dominant and given by: 

 

 
L0(β)= ln(Wm) − ln (I) − β

2 −
C

Z
−

δ

2
, (2.4) 

 

where Wm is the maximum kinetic energy that can be transferred to an 

unbound electron at rest, I is the mean excitation energy of the medium, C/Z 

is the shell correction, and δ/2 is the density-effect correction. As for the 

Barkas and Bloch correction terms, the shell and density-effect correction 

terms may also be neglected for clinical proton applications, especially since 

their impact is further reduced when Sel is expressed as the stopping power 

ratio relative to the Sel of water (SPR). The combined effect of omitting these 

four correction terms is less than 0.1% on SPR values for a spectrum of human 

tissues (Ödén et al 2015). Wm in Equation (2.4) is calculated as: 

 

 
Wm =

2mec2β
2

1 − β
2
[1 + 2

me

M
(1− β

2)
−1 2⁄

+ (
me

M
)

2

]

−1

, (2.5) 

 

where M is the mass of the incident particle (proton here), and me is the mass 

of an electron. The factor in square brackets in Equation (2.5) is close to unity 

for all relevant clinical proton energies, leading to overestimations of Wm less 

than 0.2% if omitted (ICRU 1993). Hence, for all clinical purposes, a 

simplified expression of the Sel is valid: 

 

 Sel

ρ
= κ

ρ
e

ρ

z2

β
2
[ln(

2mec2β
2

1 − β
2
) − ln (I) − β

2] . (2.6) 

  

 From Equation (2.5), the maximum kinetic energy that can be transferred 

to an electron for a clinical proton beam of 200 MeV is about 0.5 MeV. This 

corresponds to an electron range of approximately 2 mm in liquid water 

(Newhauser and Zhang 2015). Note that a vast majority of the interactions 

transfer considerably lower amounts of energy. In light elements, 

approximately 80% of the interactions transfer energies lower than 100 eV, 

with the most probable value around 20 eV. Part of that energy is spent to 

overcome the binding energy, resulting in kinetic energies of only a few eV 
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for most secondary electrons. Consequently, the energy deposition pattern is 

localised close to the proton track, as the electron range for 10 keV is only 

about 2.5 μm. Only a few secondary electrons receive sufficient kinetic energy 

to get away from the primary proton track and travel non-negligible distances 

in matter (ICRU 1993). Excluding these electrons give the concept of the 

restricted stopping power, which includes only the collisions where an energy 

lower than a certain threshold is transferred. Beyond the energy loss to atomic 

electrons incorporated in Sel, it should be emphasised that the total stopping 

power (Stot) comprises three components: 

 

 Stot = Sel + Snuc + Srad, (2.7) 

 

where Snuc is the nuclear stopping power due to elastic interactions with the 

atomic nuclei, and Srad is the radiative stopping power due to emission of 

Bremsstrahlung in the electric fields of atomic nuclei or atomic electrons. The 

contribution to the Stot from Srad is negligible for therapeutic proton energies 

(Newhauser and Zhang 2015), and the Snuc contributes with 0.1%, or less, for 

proton energies above 0.5 MeV in liquid water (Berger et al 2005, Janni 1982). 

Moreover, it is associated with large relative uncertainties (ICRU 1993), and 

is omitted by Janni (1982) for proton energies above 20 keV, whereas the 

ICRU Report 49 (ICRU 1993) includes it for all proton energies. Figure 2.1 

shows the contributions of Sel and Snuc to the Stot in liquid water as a function 

of the proton energy (0.001–250 MeV).  

 

 

Figure 2.1. The contribution of the electronic stopping power (Sel) and the nuclear 

stopping power (Snuc) to the total mass stopping power (Stot) in liquid water as a 

function of the proton energy in the therapeutic energy range (left y-axis). The 

corresponding range in liquid water assuming the continuous slowing down 

approximation (CSDA) is also plotted (right y-axis). All values were collected from 

NIST’s PSTAR tables (Berger et al 2005).  
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 The proton range in Figure 2.1 is estimated assuming the continuous 

slowing down approximation (CSDA), obtained by integrating the reciprocal 

of the Stot with respect to energy. However, it should be emphasised that 

protons with the same initial energy will not all stop exactly at the same 

distance since the total energy loss per unit length is a stochastic quantity. This 

is called energy, or range, straggling as the range for the protons will differ 

slightly. Hence, the concept of range for a proton energy is non-trivial, 

(Gottschalk 2012), and will be further discussed in section 2.3. 

 

Scattering of protons 

Apart from the inelastic electronic interactions with the negatively charged 

atomic electrons, protons traversing through matter also undergo a multitude 

of repulsive elastic Coulombic interactions with the atomic nuclei. In contrast 

to proton–electron interactions, these interactions give rise to deflections of 

the proton trajectories, due to the large mass of the nuclei, which remains 

unexcited. The protons lose negligible amounts of energy in this type of 

scattering, resulting in almost negligible angular deflection from a single 

scatter. However, due to the large amount of such tiny deflections, it affects 

the proton trajectories, and has to be accounted for as it gives rise to the lateral 

spread of a proton beam (Newhauser and Zhang 2015). This may be modelled 

by using a statistical approach to predict the probability for a proton to be 

scattered by a net angle. Such statistical theories are commonly grouped under 

the term multiple Coulomb scattering (MCS). Several MCS theories have 

been published, although the theory by Molière (1947), with some additional 

corrections, generally is considered as the most elegant, accurate, and 

comprehensive theory for protons. However, the theory is algebraically 

complicated, and has no adjustable parameters, making it complicated to 

implement in clinical practice. Hence, various approximations of Molière’s 

theory, or other MCS theories are often used in clinical proton therapy 

(Gottschalk 2012). 

 All MCS theories have a Gaussian core distribution in common, since 

many small random deflections are summed in MCS theory, giving a nearly 

Gaussian angular distribution applying the central limit theorem. This is often 

a very good approximation, even though the theorem does not really apply 

since single scatter with a large deflection angle is not rare enough. Hence, the 

MCS theories typically consist of a Gaussian core (about 98% of the protons), 

overlaid with a single scattering tail, even though the Gaussian approximation 

often is considered sufficient for clinical proton therapy (Gottschalk 2012). 

 

Nuclear interactions of protons 

In addition to the dominant electromagnetic interactions of protons in matter, 

protons may also undergo non-elastic interactions with the atomic nuclei. 

Such head-on collisions excite the nuclei, and can give rise to secondary 

protons, neutrons, photons, and heavier fragments such as alphas, and 
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recoiling residual nuclei. These secondary particles are released through 

complex intra-nuclear cascades when an excited nucleus is de-exciting. In 

contrast to stopping and scattering, these nuclear interactions are far harder to 

model, and are relatively rare events, as only approximately 20% of 

therapeutic protons suffer that kind of reactions before stopping (Gottschalk 

2012).  

 In order to enter a nucleus, the incoming proton must have enough energy 

to overcome the Coulomb barrier of the nucleus. This barrier depends on the 

atomic number and is around 8 MeV for biologically relevant materials. From 

this threshold, the cross-section for proton-induced nuclear reactions increase 

rapidly with proton energy, to a maximum at approximately 20 MeV before it 

asymptotically decreases to about half the maximum value around 100 MeV 

(Newhauser and Zhang 2015). Such nuclear cross-section data may be found 

in e.g. the ICRU Report 63 (ICRU 2000), which contains extensive data for 

various ion therapies, including protons. 

 Of the transferred energy from nuclear interactions of 150 MeV protons 

with 16O, Seltzer (1993) calculated that approximately 57% is transferred to 

secondary protons, 20% to neutrons, 16% to photons, 3% to alpha particles, 

and the remaining 4% mainly distributed between the recoil nuclei and 

deuterium. Hence, the secondary protons are of most interest for most clinical 

applications, as they have the potential to travel quite large distances and may 

contribute up to roughly 10% of the deposit energy at a given depth in a 

therapeutic proton beam. Heavier secondary particles generally contribute to 

about 1% of the energy deposition (Grassberger and Paganetti 2011, 

Newhauser and Zhang 2015). On the other hand, these heavy fragments have 

in principle a substantially larger biological effect than protons, due to their 

considerably larger Sel. Even though this effect probably is small (Gottschalk 

2012), it might not be negligible for the alpha particles (Grassberger and 

Paganetti 2011, Mairani et al 2017). This is further discussed in section 2.4.3, 

in the context of LET and RBE calculations in proton therapy. 

 Since secondary neutrons and photons are neutral particles, they may 

travel large distances and deposit energy far from the location of the nuclear 

interaction. Hence, this may be of particular interest in radiation protection 

and when studying biological effects such as second cancers (Newhauser and 

Zhang 2015). 

 

2.2. Absorbed dose 

The interactions of radiation with matter, described for photons and protons 

in section 2.1, result in energy depositions in the matter. This energy 

deposition is more commonly expressed per unit mass, the so-called absorbed 

dose, which is often used as the primary surrogate for biological effects in 

radiation therapy.  

 In report number 85 by the ICRU, Fundamental Quantities and Units for 

Ionizing Radiation, the absorbed dose, D, is defined as (ICRU 2011): 
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D =

dε̅

dm
, (2.8) 

 

where dε̅  is the mean energy imparted by ionising radiation to matter of mass 

dm. The energy imparted, , to a given volume of the matter is given by: 

 

 
ε =∑ εi =

i

∑(εin, i − εout, i + Q
i)

i

, (2.9) 

 

where εi is the energy deposited in a single interaction, i, εin, i is the energy of 

the incident ionising particle causing interaction i (excluding rest energy), and 

εout, i is the sum of the energies of all ionising particles leaving interaction i 

(charged and uncharged particles, excluding rest energy). Qi is the change in 

the rest energies of the nucleus and of all elementary particles involved in 

interaction i. If Q is positive, the rest energy has decreased, and if Q is 

negative, the rest energy has increased (ICRU 2011). 

 The absorbed dose is expressed in units of Gray (Gy), where one Gy 

equals one Joule per kilogram, according to the International System of Units 

(SI). For ion therapy, the absorbed dose is commonly multiplied with the local 

RBE forming the RBE-weighted dose (DRBE) with the unit Gy (RBE) (ICRU 

2007). For the same photon dose in Gy and proton DRBE in Gy (RBE), the 

biological effect of interest should be equal in accordance with the definition 

of the RBE (see section 3.3). From here on, the photon dose is expressed in 

Gy and the DRBE for protons in Gy (RBE). 

 

2.3. Depth dose distributions 

The pattern of the absorbed dose distribution is highly dependent on the 

incident particle type and energy, and on the elemental composition of the 

target material. To illustrate the fundamental difference between uncharged 

and charged particles, the depth dose distributions for protons and MV 

photons in liquid water are shown in Figure 2.2.  

 For MV photons (Figure 2.2a), the dose increases rapidly until the dose 

maximum is reached (the so-called build-up region), followed by an almost 

exponential decay of the dose in accordance with Equation (2.1), where the 

number of primary photons decreases exponentially. Moreover, the dose is 

deposited by atomic electrons set in motion by the photon interactions 

described in section 2.1.1. The build-up region is caused by the lack of charged 

particle equilibrium within the entrance region, as the secondary electrons 

released predominantly move in the forward direction for MV photon beams. 

This feature might be clinically useful, as it spares the radiosensitive skin. The 

depth of the dose maximum is approximately equal to the range of the 

secondary electrons. Hence, the dose maximum is dependent on the incoming 
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photon energy, as indicated by three commonly used MV photon spectra in 

Figure 2.2a. 

 For charged particles like protons, the depth dose characteristics are 

completely different compared to photons. This is due to the distinct 

differences in their interactions with matter (see section 2.1). The number of 

primary protons only decreases slightly as they transverse the medium, 

whereas the energy of each proton decreases continuously due to the 

electromagnetic interactions with the atomic electrons. Hence, as previously 

stated, protons of the same initial energy stop at approximately the same depth, 

giving rise to the characteristic Bragg Peak seen in Figure 2.2b. Such pristine 

Bragg peaks are, however, too narrow to cover a realistic tumour volume. 

Therefore, they are commonly superimposed to form a so-called spread-out 

Bragg peak (SOBP), as seen in Figure 2.2b. This SOBP was optimised to 

obtain a uniform dose in a 4×4×4 cm3 cube (centred at 8 cm depth in water); 

resulting in the 14 Bragg peaks of different energies and weights.  

 

  

Figure 2.2. Depth dose distributions for photons and protons in liquid water. Panel 

(a) shows depth dose distributions for linear accelerator photon energy spectra with 

peak energies of 6, 10 and 15 MV. All photons distributions are normalised to their 

maximum dose. Panel (b) shows depth dose distributions for a spread-out Bragg peak 

(SOBP), and the corresponding 14 pristine Bragg peaks (BP) of 90 to 120 MeV 

protons constituting the SOBP. All proton depth dose distributions are normalised to 

the centre of the SOBP.   

 The concept of range is central for charged particles and defined as the 

depth in the medium at which half the protons that undergo electromagnetic 

interactions only have stopped. In other words, the range is the thickness of 

the medium that would stop half the primary protons if nuclear interactions 

were not considered (Gottschalk 2012). Hence, the range is defined by a 

fluence measurement, whereas it in clinical practice is approximated by a dose 

measurement. For such measurements, it can be shown that the range 

definition approximately coincides with the distal 80% point of the Bragg 
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peak (Gottschalk 2012). Nevertheless, in clinical practice, the range is most 

commonly defined at the distal 90% fall-off position in water due to historic 

reasons (Paganetti 2012b). 

 

2.4. Linear energy transfer (LET) 

Although the absorbed dose is the primary surrogate for biological effects in 

radiation therapy, second order effects due to the radiation quality are not 

negligible for charged particles. This means that equal doses of different 

radiation qualities do not necessarily produce equal biologic effects, which 

will be further handled in section 3.3 on the RBE.  

 The radiation quality is commonly represented by the local energy 

spectrum, which can be characterised by the LET in the first order 

approximation (ICRU 1970). As this thesis focuses on proton therapy and not 

ion therapy in general, the LET concept is primarily handled from the 

perspective of RBE for proton therapy.  

 

2.4.1. Definition of linear energy transfer 

In report number 85 by the ICRU, Fundamental Quantities and Units for 

Ionizing Radiation, the LET is defined as (ICRU 2011): 

 

“The linear energy transfer or restricted linear electronic 

stopping power, LΔ, of a material, for charged particles of 

a given type and energy, is the quotient of dEΔ by dl, where 

dEΔ is the mean energy lost by the charged particles due 

to electronic interactions in traversing a distance dl, 

minus the mean sum of the kinetic energies in excess of Δ 

of all the electrons released by the charged particles.” 

 

Thus, the restricted LET (LETΔ) is the mean energy transferred due to 

electronic interactions per unit track length of a charged particle, minus the 

mean energy carried away by secondary electrons with an initial kinetic 

energy larger than the chosen threshold energy (Δ). Hence, the LETΔ is closely 

related to the restricted stopping power (see section 2.1.2), and could be 

expressed as the Sel minus the mean sum of the energy transferred to such 

electrons (dEke, Δ) per unit track length (dl) (ICRU 2011): 

 

 
LETΔ =

dEΔ

dl
= Sel – 

dEke, Δ

dl
. (2.10) 

 

Expressed in SI base units, the unit for LET is J/m. However, units such as 

keV/μm or MeV/cm are more commonly used. In this thesis, the unrestricted 

LET (LET∞) was exclusively considered, where the contribution of all 

secondary electrons is included, and is simply denoted as LET from here on 
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in accordance with ICRU Report 85 (ICRU 2011). Thus, the LET considered 

in this thesis is equal to the Sel,  

 

 
LET = LET∞ =

dE∞

dl
= Sel, (2.11) 

 

as the second term in Equation (2.10) is equal to zero when Δ = ∞. This is 

consistent with the use of the LET in other studies related to RBE in proton 

therapy (Grassberger and Paganetti 2011, Wilkens and Oelfke 2004). Note the 

close relationship between this use of the LET and the stopping power, as the 

Sel (i.e. LET here) almost equals the Stot for clinically relevant proton energies 

in most human tissues, as indicated for liquid water in Figure 2.1. 

 As the LET is equal to the Sel, it is well defined in a point for 

monoenergetic protons. However, for any realistic proton irradiation, the 

transferred energy per unit track length varies in each point in the matter. This 

is certainly the case for any clinical proton treatment, where the LET in a point 

could have a wide spread due to different initial proton energies, the initial 

energy spread, and energy straggling. Thus, a distribution of LET, or an 

average LET, may be needed to characterise the LET at a point. However, as 

there exist several averaging methods, the LET concept is complicated even 

further. The most common approaches to derive the average value are the 

track-averaged LET (LETt) and the dose-averaged LET (LETd). The LETt is 

defined as the average value of Sel weighted by fluence (or particle tracks, 

hence the name), i.e. it is the arithmetic mean of Sel for all protons present. 

The LETd is instead defined as the average value of Sel weighted with the 

contribution to the local energy transfer through electronic interactions. The 

LETt and LETd for a certain point x are hence expressed as: 

 

 
LETt(x) =

∫ ΦE(x) Sel(E) dE
∞

0

∫ ΦE(x) dE
∞

0

   (2.12) 

 

 

 
LETd(x) =

∫ ΦE(x) Sel
2 (E) dE

∞

0

∫ ΦE(x) Sel(E) dE
∞

0

, (2.13) 

 

where E(x) is the spectral fluence of protons entering point x with a kinetic 

energy value between energy E and E + dE, and Sel(E) is the energy dependent 

electronic stopping power of these protons for the material of interest. Figure 

2.3 shows the Monte Carlo (MC) calculated dose, LETd and LETt as a function 

of depth in a water tank for a pristine Bragg peak of 120 MeV protons from a 

clinical beam. Both LET quantities were calculated accounting for both 

primary and later generations of protons, whereas the contribution from 

heavier secondary particles was excluded. 
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Figure 2.3. Depth dose distribution for 120 MeV protons in water, normalised to the 

maximum dose (left y-axis). The corresponding dose-averaged and track-averaged 

linear energy transfer (LETd and LETt) distributions for primary and later generations 

of protons are also shown (right y-axis, for doses > 1%). 

2.4.2. Linear energy transfer in proton therapy 

In section 2.4.1, two averaging methods of the LET were presented: the LETt 

and LETd using Equations (2.12) and (2.13), respectively. Both have intuitive 

definitions, are currently in use, and are equal in the case of monoenergetic 

protons (both equal the Sel). However, as soon as the local energy spectrum of 

the protons broadens, differences between the LETt and LETd occurs. This is 

the case in every realistic proton beam, due to initial energy spread, energy 

straggling, and combination of initial proton energies from various beam 

directions in order to deposit the prescribed dose to the target volume. Hence, 

generally LETt ≠ LETd for clinical proton beams, which is illustrated in Figure 

2.3. In fact, it can be shown that LETd ≥ LETt, with the equality holding only 

for monoenergetic protons, or with energy-independent Sel (Kempe et al 

2007).  

 In this work, the main use of an average LET is as input to estimate RBE 

distributions for proton therapy. Hence, the average LET in a small volume 

element (voxel) v with dose Dv from a proton spectrum should be calculated 

to have the same biological effect as the same dose from monoenergetic 

protons with a LET equal to the average LET calculated for the proton 

spectrum. To satisfy this, the LETd in unit density tissue (LETd divided with 

ρ of voxel v is most commonly applied as the energy deposition characteristic 

in estimation of RBE distributions for proton therapy (Grassberger and 

Paganetti 2011, Paganetti 2014, Paganetti et al 2019). Hence, LETd is 

expressed in unit density tissue throughout this thesis. This is equivalent of 



2. Radiation physics 

30 

using the Sel/ρ in Equation (2.13). This is in line with the use of dose (not 

fluence, or energy transferred) as the primary indicator of biological effect in 

radiation therapy. In inhomogeneous media, this makes especially sense since 

it smooths out the non-uniformities in boundaries between low- and high-

density tissues (e.g. bone and air cavities). Moreover, it makes sense to use 

Sel/ρsince the cell nucleus is the primary biological target, and mainly 

consists of water, independent of cell type (Grassberger and Paganetti 2011). 

 

2.4.3. Linear energy transfer calculations 

The nature of LET calculations makes them suitable for MC calculations, 

giving the possibility to score the energy transferred per track length along 

each particle track. However, analytical methods for LET scoring have also 

been proposed for proton therapy (Wilkens and Oelfke 2003, Sánchez‐

Parcerisa et al 2016). In this thesis, an experimental MC code specially 

developed for proton transport calculations in the therapeutic energy range in 

voxelised geometries was used for the LETd calculations. The MC code was 

imbedded in research versions of the commercial treatment planning system 

RayStation (RaySearch Laboratories AB, Stockholm, Sweden). Even though 

improvements of the algorithm have been made over the course of the thesis, 

the bases of the LETd calculations remained intact. 

 In all LETd calculations, both primary and later generations of protons 

were accounted for, whereas the contribution to LETd from heavier secondary 

particles was excluded since the LET–RBE relationship is dependent on the 

particle type. For a specific value of LET, protons have a substantially higher 

RBE than e.g. alpha particles (Grassberger and Paganetti 2011). Hence, in 

order to maintain the biological significance of LET, it is essential that the 

LET scoring method is in line with the method used in the construction of the 

RBE model (Grzanka et al 2018). The RBE models used in this thesis are all 

proton specific, and should therefore only have LETd calculated for protons as 

input (Carabe et al 2012, McNamara et al 2015, Wedenberg et al 2013). 

Attempts have been made to use a separate term for the LETd contribution 

from secondary alpha particles (Mairani et al 2017), although it is 

questionable if the secondary alphas are of relevance for the RBE in proton 

therapy since the alpha ranges are very short and their contribution to the cell 

kill is hence hard to evaluate and quantify. On the other hand, about 98% of 

the alpha particles created in water for a 160 MeV proton beam have ranges 

greater or equal to a typical cell diameter of 10 μm (Grassberger and Paganetti 

2011). However, if there is an effect, it is mainly present on the entrance side 

of the beam, where alpha particles mainly are created and the proton RBE is 

low. On the distal edge, where the main RBE issues may arise, few alpha 

particles are present (Newhauser and Zhang 2015), making any potential 

effect of alpha particles there negligible (Mairani et al 2017). 

 The proton LET was calculated as the mean energy loss per unit path 

length for the specific simulation step, using the Sel, weighted with the 

electronic energy loss. The proton energy used to derive the Sel was the mean 
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energy between the pre- and post-step points. Hence, the LETd in a specific 

voxel v was calculated as a summation over all contributions from the protons 

traversing the voxel divided by the summation of the electronic energy loss 

and the voxel density ρ: 

 

 

LETd(v) =
1

ρ

∑ ωn

N

n=1
∑ εsn

Sel(Esn
)

Sn

sn=1

∑ ωn

N

n=1
∑ εsn   

Sn

sn=1
             

, (2.14) 

 

where N is the total number of events in the voxel v, Sn is the number of steps 

performed to transport the proton through the voxel for the event n, ωn is the 

statistical weight of the primary proton, Sel(Esn
) and 𝜀𝑠𝑛 are the Sel for proton 

energy Esn
 and the electronic energy loss at step sn for event n, respectively. 

This calculation method is in accordance with the preferred LETd calculation 

method ‘C’ presented in the comprehensive study by Cortés-Giraldo & Carabe 

(2015). Other dose-averaging methods evaluated in that study were shown to 

result in dependencies on e.g. cut-off levels and the voxel size used, whereas 

the preferred method did not, and was also consistent with estimates of LETd  

from microdosimetric calculations of the dose-averaged lineal energy (Cortés-

Giraldo and Carabe 2015). Moreover, the scoring of the LETd could be prone 

to errors, originating from inappropriate cut-off energies for proton transport 

or poor sampling of the Sel. This is especially important at the end of the proton 

range, where the LET in liquid water increases from about 3 keV/μm at 16 

MeV to the maximum 82.4 keV/μm at 0.08 MeV before decreasing to 56.7 

keV/μm at 0.02 MeV (Berger et al 2005). Figure 2.4 shows the LET as a 

function of proton energy in liquid water together with the CSDA range.  

 To avoid errors due to poor sampling of the LET, a dedicated so-called 

track-end stepper was used in the MC simulations that transported protons 

from about 16 MeV down to 0.02 MeV in 90 logarithmic steps of the energy 

range. Hence, the track-end stepper is activated when the residual proton range 

is between approximately 0.3 cm and 10-4 cm in liquid water (see Figure 2.4). 

This corresponds to the voxel sizes used in this thesis (less or equal to 

0.3×0.3×0.3 cm3). The step length for proton transport of energies of 250 to 

16 MeV was determined for each step as the track length through the specific 

voxel, with a maximum step length equivalent to 0.4 cm in water. The proton 

transport from 0.02 MeV to termination, when all kinetic energy is lost, was 

made using an analytical expression of the Sel. 

 Figure 2.5 shows an example of a MC calculated dose and LETd as a 

function of depth in a water tank for a pristine Bragg peak (120 MeV protons) 

and the SOBP from Figure 2.2b. The 14 proton energies constituting the SOBP 

give rise to the increased LETd within the SOBP compared to the LETd for the 

pristine 120 MeV Bragg peak. Approximately 108 primary protons were 

simulated for each proton energy. 
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Figure 2.4. The proton linear energy transfer (LET) in liquid water as a function of 

the proton energy (left y-axis) together with the range assuming the continuous 

slowing down approximation (CSDA) (right y-axis). All values were collected from 

NIST’s PSTAR tables (Berger et al 2005). The energy region for the dedicated track-

end stepper used for the Monte Carlo calculated LETd in this thesis is also shown.  

 

 

Figure 2.5. Depth dose distribution for a spread-out Bragg peak (SOBP) with a 

modulation width of 4 cm in water, and the depth dose distribution of the maximum 

proton energy used in the SOBP (120 MeV). Both dose distributions are normalised 

to the centre of the SOBP (left y-axis). The corresponding LETd distributions for 

primary and later generations of protons are also shown for both depth dose 

distributions (right y-axis, for doses > 1%).
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3. Radiation biology 

Radiation biology is the science of the effects that ionising radiation has on 

living systems. This is a wide field, including biological processes such as 

damages to the deoxyribonucleic acid (DNA) molecule, repair mechanisms 

and cell death, as well as clinical effects such as TCP and NTCP. Even though 

the absorbed dose is generally considered as the strongest predictor of 

biological response to radiation, numerous other factors affect the response of 

the biological system studied, such as the way the dose is fractionated, the 

particle type and energy, the inherent radiosensitivity, the repair capacity, the 

degree of oxygenation etc.  

 This section presents a short introduction to some aspects of radiation 

biology and its mathematical modelling. The focus is on cell death, tissue 

response to radiation, the fractionation of dose, and biological equivalent 

doses including RBE. 

 

3.1. Cellular and tissue response to radiation 

The energy released when radiation interacts with atoms in a living system 

causes damages to all parts of the cells. Damages to the cell cytoplasm itself, 

protein or enzyme molecules therein, or to cell membrane components 

generally have a minor effect on the cell’s viability. On the contrary, damages 

to the cell nucleus and especially to the DNA molecule therein may be fatal to 

the cell. Hence, the DNA is considered as the principal target for the biological 

effects of radiation, including cell killing, carcinogenesis and other mutations. 

The evidence for this is circumstantial, but overwhelming, supported by 

experimental data and by the fact that the DNA contains the genetic 

instructions for the development and function of all living cells (Hall and 

Giaccia 2006, pp 30–5). 

 The DNA molecule and its associated proteins are arranged in a structure 

called chromatin, which after further levels of folding and looping make up 

the compact chromosome architecture. The DNA molecule itself has the well-

known double helix structure with two polynucleotide strands that are held 

together by hydrogen bonds between the bases. When radiation releases its 

energy through ionizations in the vicinity of the DNA, damages to DNA may 

occur either from direct ionizations in the atoms constituting the molecule, or 

from indirect actions through chemical reactions with highly reactive free 

radicals created (Hall and Giaccia 2006, pp 11–8). However, most DNA 

damages are not lethal to the cell thanks to its sophisticated repair system. If 
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a single strand of the DNA is damaged, a so-called single-strand break (SSB), 

the repair pathways of the cell can use the opposite strand as a template for 

repair thanks to the unique structure of the strands. However, if two SSBs 

occur opposite to each other, or separated by only a few base pairs, a double-

strand break (DSB) may be formed, i.e. the chromatin splits into two pieces. 

Note that a radiation dose of 1 Gy from photons causes in the order of 105 

ionisations, approximately 103 SSBs but far less than 102 DSBs in every cell 

nucleus. In spite of this, a majority of normal cells survive such a  dose thanks 

to their efficient repair systems (Steel 2007). As a DSB is more difficult to 

repair than an SSB, the repair pathways for DSBs are inherently different from 

the ones for SSBs. DSB repair consists of two main processes: homologous 

recombination and non-homologous end joining. Simplified, the non-

homologous end joining re-joins the broken strands, whereas homologous 

recombination uses an undamaged chromatid or chromosome to serve as a 

template for the repair. Hence, the nature of the non-homologous end joining 

repair pathway is more prone to errors. The complexity of the damage 

increases even further if multiple SSBs and/or DSBs occur in close vicinity to 

each other. This is often referred to as clustered DNA damage (Hall and 

Giaccia 2006, pp 60–4). Because of this, radiation with a higher ionisation 

density pattern (i.e. high LET, see section 2.4) can cause more severe DNA 

damages compared to low-LET radiation. Consequently, high-LET radiation 

produces more cell killing per Gy (Joiner 2009a). This is further discussed in 

section 3.3.1. 

 Despite the efficient repair system of the cell, radiation evidently is quite 

efficient of killing cells. Complex DNA damages and failures of the repair 

system may lead to e.g. chromosome aberrations, which eventually may be 

lethal to the cell. However, the concept of cell killing (or cell survival) is 

somewhat ambiguous. Generally, the concept refers to the clonogenic cell 

survival, where a clonogenic cell is a cell that has the capacity to proliferate 

indefinitely to produce a large colony. Hence, a cell that has lost its capacity 

to proliferate is by this definition dead. Cell death after radiation-induced 

damages could be caused through various pathways. For most cells, the 

dominant pathway is the so-called mitotic death, where the cell dies 

attempting to divide. A more controlled pathway is the apoptotic death, where 

the cell death is genetically programmed to eliminate itself due to the 

damages. Other cell death mechanisms are senescence, autophagy, and 

necrosis (Wouters 2009).  

 Although the biological response to radiation therapy of in vivo systems 

is more complex than the cell death response of in vitro systems, many 

biological effects of tissues correlate with the killing of cells. This is especially 

true for tumours, where all clonogenic cells must be eradicated to control the 

tumour. On the other hand, the mechanistic response of tumours in vivo is 

more complicated than for a cell culture studied in vitro depending on the 

tumour microenvironment in terms of vascularity, supply of oxygen and 

nutrition, cell density etc. (Steel 2007).  
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 For adverse normal tissue effects following radiation therapy like nausea, 

fatigue, and acute oedema, the direct link to the process of cell killing is much 

vaguer. On the other hand, the majority of normal tissue effects correlate in 

some way with the killing of cells. Schematically, the effects are often divided 

into early and late effects (Hall and Giaccia 2006, pp 327–8). Early effects 

occur within days to weeks due to massive cell death following irradiation, 

and usually occur in high proliferative tissues such as epidermis, bone marrow 

or mucosal tissues. Tumours are also most often classified as early responders. 

Late effects occur after a delay of months or years. In contrast to early effects, 

which are characterized by the amount of cell deaths, the pathogenesis of late 

adverse effects is more complex (Dörr 2009). Hence, late adverse effects may 

occur in all organs, even though slowly proliferating tissues like heart, lung 

and the central nervous system may be extra sensitive. The relationship 

between cell death and organ function also depends on the internal structure 

of the tissue. Schematically, a tissue can be modelled as a complex of serial 

and parallel so-called functional subunits (FSUs). In the extreme cases, an 

organ where the FSUs are arranged in a series loses its function if only one of 

the FSUs is eradicated, whereas all FSUs must be eradicated in a purely 

parallel organ for the function to be lost. In reality, most tissues are modelled 

with an architecture in-between these two extreme cases via the use of a 

continuous model parameter (Niemierko 1999, Källman et al 1992). However, 

tissues may still be schematically classified as serial organs with a small 

volume effect (e.g. spinal cord and brainstem) or as parallel organs with a 

large volume effect (e.g. lung and liver) (Hall and Giaccia 2006, pp 328–30). 

Note that, from a structural point of view, the tumour may be considered as a 

parallel tissue since all its FSUs (i.e. clonogenic cells) have to be eliminated 

to control the tumour (Källman et al 1992). 

 

3.2. Fractionation of dose 

Instead of delivering the prescribed dose to the tumour in one session, the 

common practice of radiation therapy is to divide it into smaller doses 

delivered over a period, i.e. fractionation of the dose. The main reason is to 

increase the therapeutic window, which loosely refers to achieving the greatest 

therapeutic benefit without resulting in unacceptable toxicity. The rationales 

for fractionation are connected to the fundamental mechanisms of the cellular 

response to radiation, introduced briefly in section 3.1. The biological 

processes that affect the fractionation effect are generally summarised by the 

five R’s of radiation biology (Steel 2007): 

 

1. Repair: Separating the dose delivery in time allows both normal and 

tumour cells to recover by repairing non-lethal damages. However, as 

the repair capacity generally is better for normal tissues compared to 

tumours, it might be beneficial to fractionate the dose. 
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2. Redistribution: The radiosensitivity of cells is dependent on the cell 

cycle phase. Hence, dose delivery over time allows for redistribution 

of the tumour cells where cells that were in a resistant phase may 

continue to cycle into a more sensitive phase. 

3. Reoxygenation: Hypoxic cells are more radioresistant than well-

oxygenated cells. As the distribution of oxygen in a tumour is a 

dynamic process (Toma-Dasu and Dasu 2013), dose fractionation 

allows for redistribution of oxygen resulting in a higher probability of 

eradicating the tumour cells. 

4. Repopulation: In conformity with normal cells, the tumour cells allow 

to proliferate when the overall treatment time increases. Accelerated 

repopulation may also occur in tumours, a phenomenon where the 

clonogen doubling time is speeded up during the treatment course 

(Zips 2009). Hence, a too long treatment time might cause tumour 

regrowth and a lower TCP. 

5. Radiosensitivity: Depending on the cell and tissue type, the intrinsic 

sensitivity to how the dose is fractionated is varying. Hence, different 

fractionation schedules may be optimal depending on the tumour type 

and the adjacent OARs. 

 

Different tissues have different sensitivity to fractionation, which is related to 

the classification of early and late biological response from section 3.1. 

Generally, late-responding tissues are more sensitive to changes in 

fractionation patterns than early-responding tissues. This is explained by the 

fact that the relationship between dose and cell survival is characterised by a 

more curve-shaped representation for late-responding tissues compared to 

early responding tissues. In conformity to this, the effect of high-LET 

radiation is less sensitive to fractionation compared to low-LET radiation. 

These aspects are further discussed in section 3.4.1 on the modelling of cell 

survival. 

 Conventionally, tumour doses of around 2 Gy are given once a day, five 

times a week for a period of approximately three to eight weeks. The interest 

in delivering a few fractions of high doses (i.e. hypofractionation) has 

increased for several treatment sites including breast, liver, lung and prostate. 

Hyperfractionation is, on the other hand, used in a limited fashion. 

Hypofractionated schedules are studied for prostate and breast treatments in 

papers I and II, whereas hyperfractionated schedules were planned for H&N 

treatments in paper II.  

 

3.3. Relative biological effectiveness (RBE) 

For non-conventional radiation modalities such as proton therapy, the use of 

purely the absorbed dose as surrogate for the biological effect is insufficient. 

The main reason is that the absorbed dose is a macroscopic concept, whereas 

the microscopic energy deposition characteristics may vary substantially 
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between different radiation qualities (Joiner 2009a). To overcome this issue, 

the concept of RBE is used, which is defined in report number 30 by the ICRU, 

Quantitative Concepts and Dosimetry in Radiobiology (ICRU 1979): 

 

“Relative biological effectiveness (RBE): A ratio of the 

absorbed dose of a reference radiation to the absorbed 

dose of a test radiation to produce the same level of 

biological effect, other conditions being equal.” 

 

Thus, the RBE for an arbitrary biological or clinical endpoint X for protons of 

quality Qp relative to a reference photon quality Qx is defined as: 

 

 
RBE(Endpoint X) =

Dosephotons, Qx (Endpoint X)

   Doseprotons, Qp
(Endpoint X)    

. (3.1) 

 

Since the RBE is a ratio of macroscopic quantities, it is a macroscopic quantity 

itself. However, the radiobiological principles governing the biological 

response are manifesting themselves on microscopic levels. This makes the 

RBE concept somewhat elusive and dependent on a number of factors, such 

as the particle type, particle energy, reference radiation, dose, cell or tissue 

type, biological endpoint of interest, oxygenation level, and dose rate 

(Paganetti et al 2002). Although the RBE variation is larger for heavier ions, 

the same principles apply to protons (Tommasino and Durante 2015). Hence, 

the proton RBE is undisputable a variable quantity (Jones 2016, Paganetti et 

al 2002, Paganetti 2014). Nevertheless, the constant RBE of 1.1 recommended 

by the ICRU (ICRU 2007) is the clinical standard (Paganetti et al 2019). This 

generic factor does not reflect the RBE dependency on e.g. LET, fractionation 

dose, tissue type and biological endpoint which are discussed below with 

focus on clonogenic cell survival in the context of the linear-quadratic (LQ) 

model (see section 3.4.1). 

  

3.3.1. RBE and linear energy transfer 

The RBE depends on the local proton energy spectrum, as the energy 

deposition characteristics vary with proton energy. This is most often 

expressed as an RBE dependence on the LET, as the LET is used as a surrogate 

for the microscopic energy deposition characteristics (Joiner 2009a). In proton 

therapy, the RBE dependence on LETd is most often used. 

 For a monoenergetic therapeutic proton beam, the LETd is low and 

almost constant until near the end of the proton range. Then, from the starting 

point of the Bragg peak, the LETd increases dramatically to values of 10 

keV/μm and beyond at the distal fall-off (see Figure 2.3). As the LETd 

increases, the LET spectrum is also broadening (Grün et al 2019). 

Biologically, higher LET can cause both more DNA damages as well as 

increase their complexity through clustered damages. Thus, the RBE increases 



3. Radiation biology 

38 

with increasing LET. On average, the increase seems to be quite well 

approximated with a linear function for the clinical range of LETd (Mairani et 

al 2017, Paganetti 2014).  However, whether a linear relationship should be 

used or not is unclear (Guan et al 2015, Rørvik et al 2017), which also 

questions the use of LETd as a reliable RBE predictor since the same LETd 

values may correspond to very different underlying LET spectra (Grün et al 

2019). 

 Independently of the shape of the LET–RBE dependence, the RBE will 

most likely only increase with the LET up to a certain maximum. Beyond this 

maximum, a saturation of the effect is reached in small regions, because fewer 

tracks are needed to deposit the same dose. Eventually this leads to a decrease 

in RBE with increasing LET (the so-called overkill region). For protons, the 

maximum RBE for cell inactivation is debatable, but is generally thought to 

be reached at approximately 30-40 keV/μm (Belli et al 1998). Note that the 

residual range for protons with such high LET is very small (about 10 μm in 

water at 40 keV/μm). Hence, such high LETd are generally not encountered in 

clinical proton therapy plans, which means that the proton RBE often is 

assumed to increase monotonically with increasing LETd (Grassberger and 

Paganetti 2011). On the other hand, the rate of increase will depend of the 

dose, tissue type and the biological endpoint studied.  

 Ultimately, the increased RBE towards the end of the proton range results 

in an increased biological effective range of a few millimetres (Paganetti et al 

2002). This is most often an undesired effect as healthy tissue is situated 

beyond the target, which is not explicitly accounted for in proton planning 

when using a constant RBE of 1.1. On the other hand, it is often indirectly 

considered by avoiding beam arrangements where a beam is pointing directly 

towards a serial OAR. Such beam directions are also avoided because of the 

physical range uncertainties. 

 

3.3.2. RBE and fractionation dose 

The RBE for cell survival seems in general to increase with decreasing dose, 

even though the available data is scattered (Paganetti 2014). To separate the 

RBE from effects due to fractionation, the RBE is generally assigned as the 

RBE per dose per fraction, even though the effects are interlinked (Dasu and 

Toma-Dasu 2013). The increase in RBE with decreasing fractionation dose is 

mainly due to the more pronounced shoulder of the photon survival curve 

compared to the corresponding proton survival curve. Hence, the RBE is 

higher for low doses per fraction, whereas the effect is less pronounced for 

higher fractionation doses. This has been confirmed in both in vitro and in 

vivo experiments, particularly for low α/β and/or high LET values. However, 

few of the experimental data points are below 2 Gy, which combined with the 

potential limitations of the LQ model in the dose region below approximately 

1 Gy (see section 3.4.1) complicates the interpretation of the data (Paganetti 

2014).  
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 The magnitude of the increase in the RBE with decreasing fractionation 

dose depends on the biological endpoint studied, the LET and the 

characteristics of the tissue. Most experimental data are on cell survival, where 

a general relationship of increasing RBE with decreasing dose per fraction has 

been established (Paganetti 2014). However, late responding tissues (low α/β 

ratio of the LQ parameters) is predicted to have a more rapid increase of RBE 

with decreasing fractionation dose compared to early responding tissue (high 

α/β) (Carabe et al 2012, Paganetti 2014). In conformity with the increased 

biological effective range due to high LETd, this effect is generally not in 

advantage for proton therapy as many OARs are considered late responding 

tissues, whereas many tumours are handled as early responders. Moreover, as 

normal tissues will receive lower doses (and frequently higher LETd) than the 

tumour, even further increased RBE values could be expected in the normal 

tissues compared to the tumour. However, as these trends are less pronounced 

for higher fractionation doses, hypofractionated schedules could potentially 

mitigate this, as indicated by papers I and II. Nevertheless, caution should 

always be taken before changing clinical fractionation patterns or when 

analysing results from clinical data (Dasu and Toma-Dasu 2013).  

 

3.3.3. RBE and tissue type 

The biology of human cells and organs is complex, therefore, the RBE 

dependence on the cell and tissue type is expected. For cell survival, a cell line 

or organ is typically characterised by the parameters α and β from the LQ 

model, where tissues with low α/β values (below about 6 Gy) are considered 

as late reacting and tissues with high α/β values (above about 7 Gy) as early 

reacting tissues (Joiner and Bentzen 2009). As mentioned in section 3.3.2, low 

α/β tissues demonstrate a more pronounced increase of RBE with decreasing 

fractionation dose compared to high α/β tissues. This relation is also predicted 

for the LET–RBE dependence, which could be an issue in proton therapy, as 

studied in papers IV and V. If a serial organ (small volume effect, sensitive to 

maximum dose) with a low α/β (e.g. spinal cord, brainstem or optical 

structure) is positioned at the distal fall-off of a proton beam, the increased 

RBE might cause unexpected damage (Haas-Kogan et al 2018, Peeler et al 

2016, Wedenberg and Toma-Dasu 2014). On the other hand, there are some 

discrepancies in the available data, which do not fully support a significantly 

increased RBE with decreasing α/β values over the whole interval of possible 

values (Paganetti 2014). Moreover, the choice of α/β value has a strong 

influence on model-predicted RBEs, as demonstrated in e.g. papers II and V. 

 Furthermore, differences in cell repopulation and repair mechanisms 

between malignant and normal cells, as well as between various normal cells, 

might affect the RBE dependence of a specific tissue or tumour type. As some 

tumours are more prone to hypoxia, which is a known resistance factor to 

radiation damage due to the preventing of production of free radicals, the RBE 

will vary for the same tumour type depending on the hypoxia level. 
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3.3.4. RBE and biological endpoint 

The RBE may be of interest for many different biological endpoints. As the 

primary objective of radiation therapy is to eradicate the tumour cells, it is 

logical that the RBE for cell survival is of primary interest, but chromosomal 

aberrations, mutations, or even direct assessment of complex endpoints such 

as specific TCP and NTCP could be studied to understand the RBE. 

 In compliance with the RBE dependence on the fractionation dose due 

to the initial shoulder of the photon survival curve, the RBE for cell survival 

depends on the cell survival fraction studied. Hence, the RBE is higher for e.g. 

70% cell survival compared to 10%. Even though there is a direct link between 

cell death and TCP, little is known about the mechanistic of tumour response 

in vivo. However, it is known that cell death after radiation-induced damages 

could be caused through various pathways. Thus, the RBE for TCP might be 

more complicated than simply the RBE for clonogenic cell survival studied in 

vitro. Nevertheless, loss of reproductive capacity is probably the biological 

endpoint mostly correlated with TCP and is likely to be a good surrogate when 

estimating the tumour response. The constant RBE of 1.1 is likely to be a quite 

realistic general TCP-predictor at 2 Gy per fraction, as slightly higher values 

are expected for an average tumour. However, for small modulations widths 

and/or low α/β tumours (e.g. breast and prostate) the average RBE might be 

higher (Paganetti 2014). 

 In contrast to this, other endpoints besides cell survival might be more 

relevant for the RBE for organ specific NTCPs. It is unlikely that the 

magnitude of cell loss could fully explain the complexity of early reactions 

such as skin erythema and acute rectal bleeding, or late reactions such as brain 

necrosis, myelopathy and lung fibrosis. Nevertheless, due to the scarcity of 

clinical data, the use of variable RBE models for cell survival might still be 

utilised in plan evaluations to estimate potentially increased adverse risks 

(Wedenberg and Toma-Dasu 2014). For further development, direct 

assessment of NTCP endpoints might be studied, or endpoints that are likely 

to be good surrogates such as the induction of inflammatory molecules like 

cytokines (Paganetti 2014) or image intensity changes (Peeler et al 2016).  

 

3.4. Radiobiological modelling 

3.4.1. Modelling of cell survival 

Numerous models have been proposed to describe the relationship between 

the absorbed dose and the fraction of surviving cells (Joiner 2009b), from the 

simple single-target single-hit theory, resulting in a log-linear surviving 

model, via various multi-target theory models, to models including e.g. 

hypersensitivity and repair mechanisms (Lind et al 2003, Joiner and Johns 

1988, Tobias 1985). Even though several of these more advanced models have 

shown promising capabilities, the mathematically simple LQ model 
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(Barendsen 1982) is probable the most widespread cell survival model (Joiner 

2009b). Hence, this model is also often the basis for higher-level 

radiobiological models. For a single dose, the cell survival is described by the 

LQ model as: 

 

 S(d) = exp(−αd− βd
2), (3.2) 

 

where S(d) is the fraction of surviving cells following a single dose of d, α and 

β are the LQ parameters for the specific tissue and radiation quality of interest 

(mentioned in the previous chapters as a measure of radiosensitivity). 

Compared to the log-linear model, the LQ model captures the initial curvature 

of the cell survival data through the introduction of the β-parameter. The α/β 

ratio, i.e. the dose at which the contribution to cell kill from αd equals the 

contribution from βd2, represents a measure of the curvature of the survival 

curve. When incorporating that the total dose D is delivered in N fractions, the 

total cell survival according to the LQ model is expressed as: 

 

 

                   S(D) =∏S(di)

N

i=1

=∏ exp(−αdi − βdi
2) =

N

i=1

= exp(∑(−αdi − βdi
2)

N

i=1

) =

= exp(∑−αdi (1+
di

α β⁄
)

N

i=1

) , 

(3.3) 

 

where di is the dose of the ith fraction. However, as the fractionation doses 

commonly are equal (i.e. D = N ∙ d), Equation (3.3) may be simplified to, 

 

 
S(D) = (S(d))

N
= exp(−αNd− βNd

2) = exp(−αD(1 +
d

α β⁄
)) .  (3.4) 

 

 Figure 3.1 shows cell survival curves for a single dose and a 

fractionated treatment of 2 Gy per fraction assuming no repopulation and 

complete repair of sub-lethal damages between fractions in accordance with 

Equations (3.2) and (3.4). Hence, the shoulder of the survival curve is repeated 

at each fraction, leading to a differentiation between the survival after a single 

dose and a fractionated treatment, respectively. The LQ model can be 

extended to incorporate e.g. the accelerated repopulation, as in paper II where 

this was included for human mucosa (Fowler 2007) in the selection of 

isoeffective fractionation schedules for head and neck (H&N) treatments.  

 Note that, if α/β→∞ in Equation (3.4), the cell survival approaches a 

log-linear relationship with the total dose D, independently of fractionation 



3. Radiation biology 

42 

schedule. The curvature reflects the sensitivity of the specific tissue to 

fractionation. Generally, the fractionation sensitive late-responding tissues are 

associated with a low α/β ratio (typically around 3 Gy), indicating a 

pronounced curvature of the cell survival curve, whereas early-responding 

normal tissues and most tumour types have larger values (generically around 

10 Gy). As mentioned in section 3.2, a similar pattern is observed when 

comparing cell survival curves for particles of different LETs: the higher the 

LET, the higher is the α/β ratio, which makes the initial curvature of the 

survival curve less pronounced. Eventually, the cell survival curve becomes 

more or less log-linear for very high LETs (Joiner 2009a). However, the 

uncertainties in the α/β ratios of individual tissues are large. Hence, various 

sampling techniques are used to account for this variation throughout this 

thesis (papers I, II, III and V). Moreover, common cancer types such as breast 

and prostate cancer seem to be associated with biological properties similar to 

slowly proliferating late-responding tissues (Brenner and Hall 1999), hence 

exhibiting low α/β ratios of around 3.5 Gy (Haviland et al 2013), and 1.5 Gy 

(Brenner and Hall 1999, Dasu and Toma-Dasu 2012), respectively. A low α/β 

ratio indicates that large fractionation doses are not well tolerated, making 

both breast and prostate cancer subjects for hypofractionation. In papers I and 

II, this is investigated in combination with variable RBE models and α/β 

uncertainties.  

 

 

Figure 3.1. Illustration of cell survival curves following a single dose and for a 

fractionated schedule of 2 Gy per fraction assuming no repopulation and complete 

repair between the fractions. Generic values of α = 0.1 Gy-1 and α/β = 3 Gy were 

assumed. 
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 Even though the LQ model is well-validated, there exist experimental 

data indicating that the model is not always predicting the adequate cell 

surviving fraction for doses below 1 Gy or for high fractionation doses (Joiner 

2009b). For large doses, some data also suggests that the survival curve 

become approximately log-linear, which conflicts with the constant curvature 

of the LQ model. Hence, the use of the LQ model for high fractionation doses 

is debated (Kirkpatrick et al 2009). To overcome this, survival models such 

as the universal survival curve have been proposed (Park et al 2008). This 

model uses the LQ model up to a user-defined threshold dose followed by the 

single-hit multi-target model which asymptotically approaches a log-linear 

curve for high fractionation doses. A similar approach is also utilised in the 

local effect model (LEM) for RBE calculations relative to photons (Elsässer 

et al 2010). However, for tumours with heterogeneous oxygenation, and thus 

heterogeneous radiosensitivity, the LQ model and universal survival curve 

predict similar cell survivals and TCPs for a large range of fractionation doses 

including hypofractionated treatments (Lindblom et al 2014).  

 For small doses, the survival curve might be affected by the so-called 

low-dose hypersensitivity, where some mammalian cells exhibit an increased 

radiosensitivity not captured by the LQ model. This might be of clinical 

importance as OARs often are subject to fractionation doses below 1 Gy for 

conventional treatments (Joiner 2009b). To overcome this, survival models 

such as the induced repair model (Joiner and Johns 1988) and the repairable-

conditionally repairable damage model (Lind et al 2003) have been proposed. 

However, neither of these models have reached a widespread use in the 

clinical practice.  

 

3.4.2. Modelling of biologically equivalent doses 

In order to compare the radiobiological effects of heterogeneous dose 

distributions, different fractionation schedules, and doses delivered with 

different radiation qualities, models for various expressions of biologically 

equivalent doses have emerged.  The underlying assumption for all concepts 

is that different doses are considered equivalent if they cause the same 

biological effect. Here, the concepts of the equivalent dose (EQD), the 

biologically effective dose (BED), and the equivalent uniform dose (EUD) are 

presented, whereas the modelling of the relative biological effectiveness 

(RBE) is handled separately in section 3.4.3. The LQ model without repair and 

repopulation terms constitutes the base of all models. However, as for the LQ 

model, such effects can also be accounted for in the modelling of biologically 

equivalent doses. 

 

Equivalent dose (EQD) 

An expression of the EQD can be derived by equating the general LQ 

expression of the total cell survival to the cell survival for equal fractionation 
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doses giving a reference total dose of Dref, i.e. equating Equation (3.3) to 

Equation (3.4):  

 

 

EQD = Dref =

∑ di (1+
di

α β⁄
)

N

i=1

1+
dref

α β⁄

,  (3.5) 

 

where N is the total number of fractions and dref denotes the fractionation dose 

for the reference treatment. The conventional fractionation dose of 2 Gy is 

typically selected as dref. Together with equal fractionation doses di, this gives 

the expression of the commonly used equivalent dose in 2 Gy fractions 

(EQD2), 

 

 

EQD2 =
D (1+

d

α β⁄
)

1 +
2

α β⁄

,  (3.6) 

 

which estimates the total dose delivered in 2 Gy fractions that would yield the 

same biological effect as the total dose obtained using the fractionation 

schedule of interest. The concept of EQD2 is used in the thesis for calculations 

of isoeffective fractionation schedules (papers I and II), and as input to various 

NTCP models (papers I–V).  

 

Biologically effective dose (BED) 

The concept of BED is in close relation to the EQD, and is defined as the 

negative logarithm of the total cell survival S divided by the α-parameter 

(Fowler 1989). With equal fractionation doses d as in Equation (3.4), it is 

given by:  

 

 
BED =

−ln S

α
= D (1 +

d

α β⁄
) . (3.7) 

 

Hence, the BED equals the numerator in the EQD-formula in Equation (3.6). 

Note that BED → D in the limit where d → 0. This means that the BED can 

be interpret as the total dose, which if given in infinitely small fractions, is 

equivalent to the actual fractionation schedule with fractionation dose d and 

total dose D.  

 

Equivalent uniform dose (EUD) 

Even though suggestions on e.g. BED formulations for heterogeneous dose 

distributions have been made (Zhang et al 2015), the aforementioned concepts 

of EQD and BED generally refer to a uniform dose, typically the prescribed 
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dose to the tumour. On the other hand, most tissues will be subject to a 

heterogeneous dose distribution. Hence, with the underlying idea that any dose 

distribution has a corresponding uniform dose that causes an equivalent 

biological effect, the EUD was proposed (Niemierko 1997). This was 

originally based on survival fractions, defined for tumours only, but was later 

redefined as the generalised EUD (Niemierko 1999): 

 

 

EUD = (∑
vk

V
dk

1 n⁄

K

k=1

)

n

, (3.8) 

 

where K is the number of voxels defining the region of interest (ROI) with 

volume V, vk and dk are the volume and dose of voxel k, respectively, whereas 

n (n ≠ 0) is a tissue specific parameter that controls the volume effect. When 

n → 0, the EUD converges to the maximum dose and therefore small values 

of n are used for biological effects that are highly dependent on maximum 

doses, i.e. for serial tissues. As the EUD is the arithmetic mean dose with n = 

1, values around unity typically are used for tissues with a more parallel 

structure. When the EUD concept is used for tumours, negative values are 

assigned to account for the lowest doses delivered to the tumour. Note that the 

dose dk can be a fractionated corrected dose using e.g. the concept of EQD2 

in Equation (3.6). 

 

3.4.3. Modelling of relative biological effectiveness 

(RBE) 

In order to utilise the knowledge regarding the RBE in proton treatment 

planning, a variable RBE model is needed. Such a model should preferably be 

simple to interpret and implement, and at the same time be complex enough 

to reflect the RBE dependencies discussed in section 3.3. The generic RBE of 

1.1 has been the clinical standard for decades (ICRU 2007), even though this 

constant model lacks any RBE dependence on radiation quality, fractionation 

dose, tissue type, or biological endpoint. 

 In order to account for the variable nature of the RBE, several models 

have been proposed for proton therapy. Schematically, two categories could 

be identified – empirical RBE models and mechanism-inspired biophysical 

RBE models (Paganetti et al 2019). In this thesis, a subset of the available 

empirical RBE models was used. Most of the models in both categories predict 

RBE for the biological endpoint of clonogenic cell survival utilising the LQ 

model, which is schematically illustrated in Figure 3.2 for two survival 

fractions. Note that the RBE increases with decreasing dose. As described in 

section 3.3.2, this is because of the more pronounced shoulder of the photon 

survival curve compared to the proton curve as seen in Figure 3.2 (i.e. (α/β)x 

is lower than (α/β)p). 
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Figure 3.2. Schematic illustration of the proton relative biological effectiveness 

(RBE) for clonogenic cell survival at two levels of effect (survival fraction for a 

photon dose of 2 Gy and for the survival fraction of 10-2). Generic values of αx = 0.1 

Gy-1 and (α/β)x = 3 Gy were assumed for the photon irradiation, whereas the proton 

parameters were calculated for a LET of 5 keV/μm using the RBE model by 

Wedenberg et al (2013), resulting in αp = 0.172 Gy-1 and (α/β)p = 5.17 Gy. 

 In the context of the LQ model, an analytical expression of the RBE may 

then be derived by equating the biological effect (i.e. the cell survival fraction) 

for a proton and a photon irradiation, using Equation (3.2): 

  

 Sx(dx) = Sp(dp)  ⇔  exp(−αxdx − β
x
dx

2) = exp (−αpdp − β
p
dp

2) ,   (3.9) 

 

where Sx and Sp are the fractions of surviving cells following a photon fraction 

dose of dx and proton fraction dose of dp, respectively, αx and βx are the tissue-

specific parameters for photons, whereas αp and βp are the tissue-specific 

parameters for protons. The RBE for equal cell survival is then derived from 

Equation (3.9) by solving a second-degree equation for the positive root: 

 

 

RBE(Sx = Sp) =
dx

dp

=

√(
α
β
)

x

2

 + 4
αp

αx
 (

α
β
)

x

dp + 4
β

p

β
x

 dp
2
  −  (

α
β
)

x

2dp

. (3.10) 

 

Hence, the RBE for clonogenic cell survival using the LQ model is a function 

of the dp, and the tissue-specific parameters for photons and protons (αx, βx, αp 

and βp). For any meaningful combination of non-zero parameters, the 

encompassing range of RBE values using Equation (3.10) may be defined as 
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RBEmax and RBEmin, when the dp approaching zero and infinite, respectively, 

(Carabe-Fernandez et al 2007, Dale and Jones 1999),   

 

 
RBEmax(dp → 0) =

αp

αx

 (3.11) 

 

 

RBEmin(dp → ∞) = √
β

p

β
x

. (3.12) 

 

In the context of the LQ model, the RBE modelling then consists of modelling 

the ratios in Equations (3.11) and (3.12), whereas the (αβ)x ratios typically 

are obtained from the literature. From here on, the (αβ)x will be expressed as 

αβ for simplicity.  

 

Empirical RBE models 

The empirical RBE models are generally based on cell survival fraction data 

from in vitro experiments of proton and photon irradiations (Carabe et al 2012, 

Jones 2015, Mairani et al 2017, McNamara et al 2015, Rørvik et al 2017, Tilly 

et al 2005, Wedenberg et al 2013, Wilkens and Oelfke 2004). Typically, the 

ratios in Equations (3.11) and (3.12) are fitted to functions of the LETd and 

the α/β such as: 

 

 
RBEmax = p

0
 + p

1

LETd

α β⁄
         (3.13) 

 

 

                               RBEmin = p
2
 + p

3
f(LETd), (3.14) 

 

where p0, p1, p2 and p3 are fitting parameters, and f(LETd) is a model specific 

LETd-dependent function. The parameter values and the specific function 

f(LETd) for the three RBE models used in this thesis are stated in Table 1.  

 Note that the fits by Wedenberg et al (2013) and Carabe et al (2012) are 

based on a subset of the experimental cell survival data used by McNamara et 

al (2015). Furthermore, the three models share Equation (3.13), with an 

inverse relationship between the slope and the α/β and a linear dependence of 

the LETd. Noticeable, the latter one was recently verified statistically as the 

most likely one out of ten various LETd relationships (Mairani et al 2017), 

although non-linear empirical models have been proposed (Rørvik et al 2017). 

In order to respect the potential decrease of proton RBE with really high LETd 

(Belli et al 1998), RBE models with a linear LETd function should typically 

not be used for LETd higher than about 20-30 keV/μm (McNamara et al 2015, 

Wedenberg et al 2013). On the opposite end, where the LETd approaches zero 

and/or α/β infinity, both the Wedenberg and McNamara RBE models 
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approach the value 1.0 for the Equation (3.13), whereas the Carabe RBE 

model returns a value of 0.843. For Equation (3.14), the Wedenberg RBE 

model uses a constant value of 1.0, whereas the two other models have linear 

functions of LETd with a constant value close to 1.1, but with various signs 

for p3, as seen in Table 1. The differences originate partly from different 

function assumptions and partly from different data sets used for the fits and 

are discussed in paper I for the special case of prostate tumours. Throughout 

the thesis, the McNamara and the Wedenberg RBE models generally predicted 

consistent results, which is in accordance with other studies (Underwood et al 

2016, Yepes et al 2019). 

 

Table 1. Parameters and specific function in Equations (3.13) and (3.14) 

for the three empirical RBE models used in this thesis (Carabe et al 2012, 

McNamara et al 2015, Wedenberg et al 2013). 

Model p0 p1 p2 p3 f (LETd) 

Carabe 0.843 0.413644 1.09 0.016116 
LETd

α β⁄
  

McNamara 0.99064 0.356050 1.1012 –0.0038703 √α β⁄  LETd 

Wedenberg  1.0 0.434 1.0 0.0 - 

 

 In contrast to the Carabe RBE model, the confidence interval (CI) of the 

fitting parameters are stated for the Wedenberg and McNamara RBE models. 

This reflects the choice of models throughout this thesis, especially in the 

robustness evaluation studies including the uncertainty in the model 

parameters (papers II and III), where the Carabe RBE was excluded. Beyond 

the lack of CI for the model parameters, the model also contains a potential 

model artefact highlighted in paper I. This potential model artefact predicts a 

larger RBEmin than RBEmax for high α/β and low LETd values, resulting in an 

increase in RBE with increasing dose per fraction under certain conditions. 

This fact has also been highlighted and discussed in previous publications 

(Giovannini et al 2016, McNamara et al 2015), although it has also been 

speculated that the RBE actually might increase with increasing dose per 

fraction for low-LET radiation (Karger et al 2013). 

 

Mechanism-inspired RBE models 

Beyond the empirical RBE models, approaches that are inspired by biological 

mechanisms behind various cell and tissue response have been proposed. Such 

mechanism-inspired RBE models generally try to model the biological 

processes that relate potential lethal damages, such as DSBs, to more lethal 

forms of damages in order to explain clonogenic cell survival. Key 
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components in the models are e.g. the characterisation of the number and 

complexity of the initial DSB produced within a cell, and how subcellular 

volumes are handled (Stewart et al 2018). In this category of RBE models one 

finds the LEM (Elsässer et al 2010, Friedrich et al 2012), the microdosimetric-

kinetic model (MKM) (Hawkins 1996, Inaniwa et al 2010), and the repair-

misrepair-fixation (RMF) model (Carlson et al 2008, Frese et al 2012). 

Whereas the RMF model so far exclusively is used for research purposes, the 

LEM and MKM are both used clinically for carbon ions. 

 For the LEM, functions in terms of Equations (3.13) and (3.14) are not 

straight forwardly stated, whereas both the MKM and the RMF model can be 

well approximated in the clinical relevant LETd regions for proton therapy 

using the following functions (Paganetti et al 2019): 

 

 

MKM:

{
 
 

 
 RBEmax = 1 + p

1

LETd

α β⁄

RBEmin = 1

        (3.15) 

 

 

RMF: 

{
 
 

 
 RBEmax = RBEDSB (1 + 

2zFRBE
DSB

α β⁄
)

RBEmin = RBEDSB,

        (3.16) 

where p1 in Equation (3.15) is a coefficient depending on e.g. the subnuclear 

domain size and shape. In Equation (3.16), RBEDSB is the RBE for DSB 

induction and the frequency-mean specific energy zF≅LETd ρd
2⁄ , where d is 

the diameter of the cell nucleus and ρ is the mass density of the cell nucleus. 

The RBEDSB is typically computed using the Monte Carlo Damage Simulation 

(MCDS) code and stored as a function of particle type, kinetic energy and 

oxygen concentration (Stewart et al 2018). Noticeable is that the numerical 

estimate of p1 in Equation (3.15) is between 0.3 and 0.7 for mammalian cells 

(Paganetti et al 2019), which encompasses the estimates of p1 for the empirical 

RBE models in Table 1. The corresponding coefficient for the RMF model 

generally is lower for protons, whereas the RBEmin often is larger than for the 

empirical models since the RBEDSB increases with LET (Stewart et al 2018). 

Moreover, three remarkably differences between the LEM, MKM and RMF 

models are noted in the review by Stewart et al (2018): (1) the RBE for DSB 

induction, (2) the β- and α/β-dependence on LET, and (3) the RBE for 

clonogenic cell survival for very high LET values in the overkill region. 

 Besides these three mechanism-inspired RBE models, several other RBE 

models have been proposed, including a formalism for calculating α and β in 

the LQ model using microdosimetric quantities (Vassiliev et al 2017). This 

formalism predicts that the αp has a maximum at an LET around 30 keV/μm, 

and that the αp/βp ratio increases monotonically with increasing LET.  
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 Some clinical comparisons between empirical and mechanism-inspired 

RBE models have been reported. In the study by Yepes et al (2019), the 

empirical models by Wedenberg et al (2013) and McNamara et al (2015) 

systematically predicted higher RBE values for OARs compared to the RMF 

model, whereas the models predicted similar RBE values in the target volume. 

In the study by Giovannini et al (2016), the LEM IV predicted lower RBE 

values at low LETd values compared to the empirical RBE models, whereas 

the relation was the opposite for high LETd values at the end of range. This is 

due to the non-linear LET–RBE relationship for LEM IV (Giovannini et al 

2016, Grün et al 2019). However, all considered models in the study had 

similar trends, and generally predicted RBE values equal or higher than 1.1, 

indicating the potential need for variable proton RBE models in the clinic. 

 

3.4.4. Modelling of tumour control probability (TCP) 

and normal tissue complication probability 

(NTCP) 

The aim of clinical radiation biology is to predict clinical response to a certain 

radiation therapy treatment. However, as the individual response is unknown 

and extremely complex to predict, the response is often expressed as a 

probability of a specific outcome. Such probability function typically shows a 

sigmoidal relationship between dose and probability of response. Here, some 

aspects of modelling the tumour control probability (TCP) and the normal 

tissue complication probability (NTCP) as functions of dose and volume are 

presented. 

 The term tumour control usually refers to that all clonogenic cells are 

eradicated. Hence, a TCP model seeks to estimate the probability that no 

clonogenic cell survives, which can be approximated with Poisson statistics. 

For a Poisson distribution, the probability of zero surviving cells given the 

expected value of Ns surviving cells is: 

 

 
TCP = P(Ns,0) =

 Ns
0exp(−Ns)

0!
 = exp(−Ns), (3.17) 

 

where Ns can be expressed as the product of the initial number of cells (N0) 

and the surviving fraction of cells following a total dose D (S(D)). This, 

together with the assumption of equal fractionation dose and the LQ model 

for cell survival, Equations (3.4) and (3.17), give: 

 

 TCP(D, N0, α, β) = exp[−Ns] = exp[−N0S(D)] =  
 

                                       = exp [−N0exp(−αD(1 +
d

α β⁄
))] . 

(3.18) 
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 A TCP curve using Equation (3.18) results in a very steep dose-response 

sigmoidal curve, predicting that at a certain dose the TCP goes rapidly from 

0% to 100%. On the other hand, response curves based on clinical 

observations are generally much shallower, as illustrated in Figure 3.3 by 

schematic representations of TCP and NTCP sigmoidal curves.  

 

 

Figure 3.3. Schematic illustrations of the sigmoidal response curves for tumour 

control probability (TCP) and normal tissue complication probability (NTCP).          

D50, TCP and D50, NTCP mark the doses leading to 50% probability of response. 

 In order to be consistent with the clinical data, empirical fitting models 

to clinical dose-response curves were suggested to be used for treatment 

optimisation (Mohan et al 1992), as well as introducing inter-patient 

heterogeneity of the α-parameter to mimic the population spread in 

radiosensitivity (Nahum and Tait 1992, Webb and Nahum 1993). 

Furthermore, an expression for α can also be derived in terms of clinically 

obtained γ and D50 parameters (Lind et al 1999), where γ is the so called 

normalised dose-response gradient where the dose-response gradient is 

steepest (Brahme 1984) and D50 is the dose leading to 50% probability (see 

Figure 3.3) for a reference fractionation dose dref: 

 

 
γ =

ln N0

e
 (3.19) 

 

 

 
α =

eγ− ln(ln(2))

D50 (1 +
dref

α β⁄
)

. 
(3.20) 
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 Moreover, the dose is not generally uniform across the tumour volume. 

Hence, by dividing the tumour volume V into K voxels, the TCP can be 

expressed as the product of the control probabilities of all voxels comprising 

the tumour:   

 

 

TCP =∏TCP (Dk, ρ
cl, k

, vk,αk, β
k
)

vk
V

,

K

k=1

 (3.21) 

 

where TCP(Dk, ρcl, k, vk, αk, βk) is the probability of no surviving clonogenic 

cells in voxel k following a total dose of Dk, with volume vk, clonogenic cell 

density ρcl and LQ parameters αk and βk. With a dref of 2 Gy and equal ρcl, α 

and β across the tumour, Equations (3.6), (3.18), (3.19), (3.20) and  (3.21) give 

the following expression of the Poisson-LQ TCP model: 

 

 

TCP =∏[exp(−exp(eγ−
EQD2

k

D50

(eγ− ln(ln(2)))))]

vk
VK

k=1

, (3.22) 

 

where the EQD2k is the equivalent dose in 2 Gy fractions for voxel k calculated 

with Equation (3.6). Note that the TCP is very sensitive to the minimum dose 

since a low TCP even in a small volume has a large impact on the product 

giving the total TCP. Furthermore, the TCP model of Equation (3.22) can be 

extended to incorporate distributions of the γ, D50 and α/β parameters in a 

similar fashion as proposed with a normally distributed α-parameter (Nahum 

and Tait 1992). 

 In contrast to TCP, where the probability of eradicating all clonogenic 

cells is expressed, the concept of the probability of normal tissue 

complications is much more versatile due the variety of endpoints and organ 

structures. Källman et al (1992) explicitly addressed the structure of an organ 

with the so-called relative seriality model. The model includes a seriality 

parameter s, which accounts for the degree of seriality. A serial organ has s 

equal to one whereas an organ approaches a parallel structure as s → 0. For an 

organ consisting of K voxels, the NTCP formula is expressed as: 

 

 

NTCPs = [1− ∏(1− P(Di)
s)

vk
V

K

k=1

]

1
s

, (3.23) 

 

where P(Di) is the probability of no cell surviving in voxel k. This model is 

used in papers IV and V, with P(Di) calculated using the Poisson-LQ 

modelling. 

 Apart from this, the Lyman-Kutcher-Burman (LKB) model (Lyman 

1985, Kutcher and Burman 1989) is one of the most commonly used NTCP 

models. It is based on the cumulative distribution function of the standard 
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normal distribution, which together with the use of the EUD concept is 

formulated as: 

 

 

{
 
 

 
 

NTCPLKB =
1

√2π
∫ exp(

−x2

2
) dx

t

-∞

t =
EUD− D50

mD50

,

 (3.24) 

 

where D50 is the dose leading to a 50% complication rate, m represents the 

slope of the dose-response curve, and the EUD is calculated with Equation 

(3.8). The LKB model has been used for multiple endpoints in papers I–IV in 

this thesis.  Note that the probability of a specific outcome is a complex 

unknown function of dosimetric and clinical factors such as concomitant 

chemotherapy, surgery, smoking, age, gender, diabetes, etc. Hence, the 

aforementioned models may be oversimplified, leading to proposals of 

multivariable modelling (El Naqa et al 2006). A multivariable logistic 

regression model may be expressed as: 

 

 

{
 
 

 
 PLR =

1

1 + exp(−S)

S = β
0
+∑ β

m
xm,

M

m=1

 (3.25) 

 

where PLR is the probability of response (i.e. TCP or NTCP), M is the number 

of prognostic variables, βm is the regression coefficient for the prognostic 

variable xm and β0 is a constant. Since the Quantitative Analyses of Normal 

Tissue Effects in the Clinic (QUANTEC) publication (Bentzen et al 2010), 

which provides a summary of dose-response data for normal tissue, 

multivariable logistic regression has become increasingly used, especially in 

NTCP modelling for several endpoints following H&N radiation therapy 

(Brodin et al 2018), and in the model-based selection of patients most 

favourable for proton therapy (Brodin et al 2019, Langendijk et al 2013, 

2018).
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4. Radiation therapy 

Radiation therapy is the medical field of utilising ionising radiation for 

medical treatment. The therapy is commonly used for both curative and 

palliative cancer care. For curative purposes, the ultimately aim might be 

formulated as seeking the optimal treatment plan which maximises the TCP 

while minimising the NTCP by using the best knowledge of the radiation 

physics and biology. A variety of different radiation therapy modalities and 

techniques exists, which schematically could be divided into internal or 

external radiation therapy depending on if the ionising radiation source is 

located inside or outside of the patient. In this thesis, external beam radiation 

therapy using photons and protons is exclusively considered. 

 

4.1. Photon therapy 

Radiation therapy using photons is the most common modality. Even though 

special treatment units using radioactive sources like 60Co exist, 

bremsstrahlung spectra of MV-photons from a linear accelerator is the 

predominant modality. The photons are created when the linearly accelerated 

electrons interact with a high-Z target mounted in the gantry hosting the linear 

accelerator. Depending on the treatment unit and treatment technique, the 

resulting photon fluence is then filtered and shaped as desired using various 

combinations of flattening filters, high-Z jaws and multileaf collimators 

(MLC). As the gantry can rotate around the patient, different photon fluence 

maps can be combined from several angles in order to obtain a conformal dose 

distribution around the tumour and simultaneously spare the OARs. This can 

be done using fixed fields of uniform photon fluences, or by using non-

uniform fluences by e.g. moving the MLCs during irradiation. The non-

uniform fluences are normally obtained by solving an inverse optimisation 

problem, as was first proposed by Brahme et al (1982). The technique using 

uniform fluences is referred to as three-dimensional conformal radiation 

therapy (3D-CRT), whereas the latter technique generally is referred to as 

IMRT (IMRT Collaborative Working Group 2001). Various IMRT techniques 

are utilised today, including several fixed-field techniques, volumetric 

modulated arc therapy (VMAT), where the gantry continuously rotates during 

irradiation, and creation of non-uniform photons fluences using a small linear 

accelerator mounted on a robotic arm. Even though the IMRT techniques are 

widely spread and used, the 3D-CRT technique is still in use for both curative 

and palliative purposes mainly thanks to its simplicity, robust delivery and 
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ability to reduce the low dose volume compared to IMRT. The latter trait may 

be of importance for reducing the induction of second malignancies after 

radiation therapy (Hall and Giaccia 2006, pp 146–9). VMAT was used in 

paper I, whereas a hybrid treatment technique combining the advantages of 

3D-CRT and IMRT was used for the breast cancer treatments in paper III. 

 

4.2. Proton therapy 

In contrast to the linear accelerators, the protons are generally accelerated in 

a spiral-shaped orbit using a cyclotron or in a fixed orbit using a synchrotron 

followed by a beam transport to the treatment room where the therapy is 

delivered using a fixed beam or a rotating gantry (Schippers 2012). Two main 

proton treatment approaches exist: passive scattering and pencil beam 

scanning (PBS). In passive scattering, an almost monoenergetic narrow proton 

beam is broaden in space and energy using scattering foils and range 

modulation devices, before collimated laterally and in depth to the desired 

treatment field. In PBS, the shape and energy distribution of the narrow proton 

beam is instead maintained. In order to obtain the desired dose distribution, 

the narrow beams of several proton energies are magnetically deflected one 

by one to cover the whole target volume using varying magnetic fields. Thus, 

the PBS technique is more flexible compared to passive scattering and may 

produce more conformal dose distributions. Similar to IMRT, the PBS 

technique also allows for complex dose delivery through non-uniform proton 

fluences obtained by solving an inverse optimisation problem (Lomax 2012). 

This technique is referred to as intensity modulated proton therapy (IMPT) 

and is exclusively considered for proton therapy in this thesis. 

 The finite range and sharp distal fall-off of protons may be advantageous 

compared to the almost exponential dose fall-off of photons (see Figure 2.2), 

allowing for more conformal dose distributions with limited dose burden to 

OARs, and reduced integral doses. Compared to photon therapy, these 

properties indicate that proton therapy can increase TCP while simultaneously 

reduce NTCPs (Paganetti 2012a), and at the same time reduce the induction 

of second malignancies (Newhauser and Zhang 2015). On the other hand, 

these advantageous physical properties also make protons sensitive to 

perturbations due to e.g. patient misalignments, errors in stopping power, 

organ motion, and RBE uncertainties (Paganetti 2012b). 

 

4.3. Treatment planning 

Independently of radiation treatment modality, a patient model is needed for 

the creation of an individual treatment plan. Conventionally, this is done using 

a CT, even though MRI is being increasingly used for radiation therapy 

purposes. To enable calculation of dose on the images, the imaging data must 

be converted to material properties using a calibration curve, which e.g. maps 

Hounsfield units in the CT to mass density. To facilitate the treatment 
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planning, and for consistent reporting of dose to the target volume and OARs, 

relevant ROIs should be delineated in accordance with ICRU reports 78 and 

83 (ICRU 2007, 2010): 

 

– Gross tumour volume (GTV): The visible or palpable extent and 

location of the tumour, including the primary tumour, metastatic 

regional node(s) or distant metastasis. 

– Clinical target volume (CTV): The volume of tissue that contains the 

GTV and/or subclinical malignant disease with a relevant probability 

for therapy. 

– Planning target volume (PTV): A geometrical volume including the 

CTV with additional margins to account for all relevant uncertainties 

during treatment delivery in order to ensure that the prescribed dose 

to the CTV is delivered with a certain probability.  

– Organ at risk (OAR): In principle, all non-target tissues are OARs. In 

practice, normal structures that if irradiated could suffer substantial 

morbidity are selected. 

– Planning organ at risk volume (PRV): In conformity with the PTV, 

the PRV is a geometric volume including an OAR with additional 

margins to account for relevant uncertainties during treatment 

delivery in order to avoid complications. 

– Additional volumes: Beyond the aforementioned volumes, the 

internal target volume, the treated volume, the remaining volume at 

risk, and various supporting volumes may be delineated (ICRU 2007, 

2010). 

 

Even though the general aim of curative radiation therapy is to maximise TCP 

while minimising NTCP, the clinical goals are usually stated in terms of dose 

and volume, which should correspond to satisfying clinical outcome. 

Conventionally, radiation treatments aim for a uniform PTV dose, even 

though heterogeneous target dose distributions are becoming increasingly 

popular using e.g. biological target definitions based on functional imaging 

using positron emission tomography (PET) or MRI as guidance. This 

heterogeneous dose delivery to a subvolume of the target is generally referred 

to as dose-painting, or dose-painting by contours (Ling et al 2000). The term 

dose-painting by numbers is instead used when the target volume is dose-

painted based on some underlying radiation biology function describing a 

heterogeneous tumour radiosensitivity on voxel level due to e.g. cell density, 

hypoxia, metabolism or proliferation rate (Bentzen 2005). For the OARs, 

dose-volume based clinical goals are typically used in order to control the dose 

distribution. The dose-volume goals are often formulated using the cumulative 

dose-volume histogram (DVH), which is the cumulative frequency 

distribution that summarises a 3D dose distribution in a ROI in a graphical 2D 

format. The cumulative DVH shows the fraction of the ROI receiving greater 

than or equal to a given dose level. Figure 4.1 shows examples of DVHs for a 
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PTV and an OAR (rectum) for a proton prostate treatment with examples of 

clinical DVH goals obtained from the most common formulations of DVH 

metrics used for clinical goals (for proton therapy, the DRBE with unit Gy 

(RBE) is used instead of the dose in Gy): 

 

– At most, or at least, y Gy to x% of the ROI (Dx% ≤ y Gy or Dx% ≥ y 

Gy) 

– At most, or at least, x% of the ROI receiving y Gy (Vy Gy ≤ x% or Vy 

Gy ≥ x%) 

– At most, or at least, y Gy in mean dose (Dmean ≤ y Gy or Dmean ≥ y Gy) 

– At most y Gy to x cm3 of the ROI (Dx cm3 ≤ y Gy) 

– At most y Gy in maximum dose (Dmax ≤ y Gy) 

– At least y Gy in minimum dose (Dmin ≥ y Gy) 

 

 

Figure 4.1. Dose volume histograms (DVHs) for the planning target volume (PTV) 

and the rectum for a prostate treatment. The triangles indicate examples of clinical 

goals aiming for a uniform DRBE of 78 Gy (RBE) in the PTV assuming RBE = 1.1, 

while limiting the DRBE to the rectum.  

 In order to obtain a treatment plan satisfying the clinical goals, 

optimisation functions are chosen to penalise deviations from the desired dose 

distribution in the ROIs. The optimisation functions are typically combined 

into one objective function, with individual weights associated with each 

optimisation function to reflect the relative importance. The optimal treatment 

plan is then generated by minimisation of the objective function subject to 

constraints in terms of e.g. dose and physical limitations of the treatment unit. 

This is typically done using numerical optimisation techniques that perform 

an iterative search through the space of possible treatment variables to obtain 
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an optimal solution to the user-defined optimisation problem. The obtained 

treatment plan is then evaluated using the clinical goals to ensure acceptable 

TCP and NTCPs. In order to reach a plan with a satisfying compromise 

between conflicting objectives, it is common to perform several manual 

iterations where the objective function is altered. This may result in a set of 

plans, from which one must be selected. A more systematic approach is to use 

the concept of multi-criteria optimisation, where this process is simplified 

while also guarantying a Pareto optimal plan (Monz et al 2008). A Pareto 

optimal plan is a plan where no objective can be improved without worsen 

another objective. The user may then navigate along approximations of one or 

several Pareto surfaces in order to select the treatment plan considered optimal 

from a clinical point of view (Bokrantz 2013). 

 

4.4. Robustness of treatment plans 

Another aspect to consider in the treatment planning is the concept of 

robustness as the optimisation and evaluation normally are performed in an 

unperturbed scenario, ignoring some of the uncertainties that may be present 

during treatment delivery. Hence, ensuring robustness of treatment plans is a 

key objective in radiation therapy planning.  

 A treatment plan is considered robust if the perturbation of the nominal 

dose distribution is within acceptable limits under the influence of the errors 

during treatment delivery due to e.g. patient setup, material composition, 

breathing and organ motion (Albertini et al 2011). In the clinic, the acceptable 

limits for the agreement between the calculated and the delivered dose are 

often expressed in terms of fulfilment of the clinical goals for various plausible 

error scenarios. As a normal plan comparison procedure is based on a 

comparison between the unperturbed dose distributions, it is vital that all 

included plans have similar robustness to the treatment uncertainties. If they 

do not, a plan selection based on the nominal dose distribution might be 

suboptimal as there is always a trade-off between nominal plan quality and 

robustness. Thus, proper accounting for robustness is vital in any plan 

comparison, especially in the comparison between different radiation 

qualities, as they might have very different sensitivities to errors. 

 In order to accomplish a robust treatment plan, the traditional clinical 

practice is to use safety margins. The expansions of a CTV to a PTV, and an 

OAR to a PRV (see section 4.3) should then ensure that clinical goals are 

fulfilled even with treatment delivery errors. The underlying assumption 

justifying the use of the PTV and PRV is that the shape of the dose distribution 

can be considered invariant under e.g. setup and density errors. In photon 

therapy, this is often a valid assumption due to the relatively insensitive depth 

dose distribution and the use of multiple beam angles associated with modern 

photon therapy, which tends to smear out the effects. Consequently, rather 

than recalculating the dose distribution for every possible error scenario, a 

shift of the entire dose distribution according to the error magnitude is a good 



4. Radiation therapy 

60 

approximation. Thus, the safety margin concept is considered as a valid 

approach in photon therapy (Engelsman and Bert 2012, van Herk et al 2000).  

 The magnitude of the CTV to PTV margin needed to ensure proper target 

coverage for a large majority of the patients is often calculated as a linear 

combination of the systematic and random components of the treatment 

delivery uncertainties. The systematic component has the potential to 

deteriorate the dose distribution for all fractions; hence, it is carrying the 

largest weight. In the commonly used simplified formula derived by van Herk 

et al (2000), the systematic component carries a weight of 2.5 compared to 0.7 

for the random component in the calculation of the safety margin needed to 

ensure a minimum dose to the CTV of 95% of the prescribed dose for 90% of 

the patients. On the other hand, with a proper treatment preparation and image 

guidance during the treatment delivery, the systematic setup component may 

often be reduced to negligible order. This leaves potential systematic 

components such as target definition and image registration together with 

random uncertainties to account for, which typically results in CTV to PTV 

margins in the order of approximately 0.3-2.0 cm depending on the treatment 

site, treatment protocol, breathing amplitude, fixation, software and hardware 

capabilities (Boda-Heggemann et al 2011, Gill et al 2015). 

 In contrast to photon therapy, the assumption of an invariant dose 

distribution under the influence of e.g. setup and density errors is generally 

not valid for proton therapy. As protons have a finite range, which is 

determined by their initial energy and the matter through which they will pass, 

even small changes in density or setup could introduce severe differences in 

dose. Hence, only shifting the dose distribution is not a proper approach in 

proton therapy and consequently the safety margin concept breaks down 

(Lomax 2012). This is particularly true when utilising IMPT as it consists of 

inhomogeneous field doses that are combined to satisfy the required objectives 

of the dose distribution (Lomax 2008). If instead single field uniform dose 

(SFUD) plans are considered, each field delivers a homogeneous target dose 

in order to reach the required total dose level. Such plans are often inherently 

more robust than straightforwardly optimised IMPT plans but could still be 

sensitive to setup and density errors as the fundamental physics of proton 

interactions is the same regardless of the planning technique. Historically, 

most proton plans have been delivered using passively scattered SFUD 

techniques. However, PBS utilising IMPT are already becoming the new 

standard for proton therapy. To ensure the robustness of such plans, 

comprehensive analysis methods are often needed. Despite of this, a safety 

margin around the CTV for planning purposes, based on a fraction of the range 

required for the protons to reach the distal end of the CTV combined with a 

fixed absolute margin, is still common. Typically margins used are 2.5 to 3.5% 

of the range plus additionally 1 to 3 mm (Paganetti 2012b). In contrast to the 

setup uncertainty, which is dominated by a random component when using 

proper image guidance, the range uncertainty is predominantly a systematic 

uncertainty since errors in the range prediction introduced at the planning 

stage are likely to be present throughout the whole treatment course. 
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Nevertheless, as e.g. patient anatomy and setup could change during 

treatment, it also has a random component.  

 The main sources for the range uncertainty are the conversion of CT-

number to density or SPR, the mean excitation energy (I-value) of the tissues, 

patient inhomogeneities, the extended biological range due to the enhanced 

RBE and geometry changes due to patient setup uncertainty and organ motion 

(Ödén et al 2015, Paganetti 2012b, Yang et al 2012). The magnitude of the 

margins required to assure a satisfying target coverage are in the order of 2.5 

to 6.5% of the range depending on e.g. treatment site, tissue heterogeneities 

and dose calculation algorithm (Paganetti 2012b, Schuemann et al 2014, Yang 

et al 2012). In order to reduce the required range margins, one could e.g. utilise 

sophisticated CT calibration methods including dual-energy CT (DECT), 

introduce MC dose calculations, use breathing control management, include 

variable RBE models to predict the effective biological range and utilise in 

vivo measurement of the range using prompt gamma detection, PET or proton 

radiographs.  

 The standard CT calibration method for proton therapy is still the 

stoichiometric single-energy CT calibration introduced by Schneider et al 

(1996), although several parameterisations methods with similar accuracy are 

available (Ödén et al 2018b). However, recent research has been focused on 

the use of DECT methods in order to extract more information for e.g. the 

conversion of CT-numbers to SPRs (van Elmpt et al 2016). Several such 

methods have been proposed, and verification of DECT predicted SPRs have 

been made in  biological tissues (Möhler et al 2018). Hence, it is likely that 

DECT calibration methods soon will be part of the clinical routine. Beyond 

photon CT methods, the potential use of a proton CT is also under 

investigation by several research groups. By using MC dose algorithms, one 

could dramatically reduce the uncertainty for some treatment sites caused by 

patient inhomogeneities (Paganetti 2012b). MC dose engines are therefore 

likely to become standard for proton therapy within a near future (Mohan et 

al 2017, Saini et al 2018). Furthermore, if simple Bragg additivity is used 

together with SPRs relative to water, the I-value uncertainty could be reduced 

if the I-value for water is calculated in a consistent manner to that of the tissue 

of interest, rather than using an experimentally derived value (Ödén et al 2015, 

Yang et al 2012). Optimisation of I-values for minimisation of range 

uncertainties is also under investigation (Bär et al 2018). 

 Because of these complex behaviours, the use of a safety margin concept 

is often not enough to ensure robustness for proton plans. Instead, 

recalculations of the dose distribution for multiple setup and range error 

scenarios is a common approach to ensure the robustness (Lomax 2008). This 

could be implemented already in the optimisation process by utilising a robust 

optimisation algorithm and/or in the plan evaluation phase through a robust 

evaluation method (Lomax 2012). 
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4.4.1. Robust evaluation 

By recalculating the dose distribution for a large set of error scenarios, the 

robustness of a treatment plan may be quantified. The most common errors 

considered are setup and density errors, but scenarios of any quantifiable 

uncertainty could be created. In paper II, the robustness against RBE model 

uncertainties was included in the robustness concept and in paper III the 

robustness against organ motion due to breathing. Other studies have 

evaluated the robustness against breathing motion accounting for the variable 

RBE (Ulrich et al 2017) or only assuming RBE = 1.1 (Depauw et al 2015, 

Inoue et al 2016), but few studies have fully included the RBE uncertainties. 

Some publications have made recalculations for several α/β values (Carabe et 

al 2013, Underwood et al 2016), but did not include them in a more 

comprehensive robustness analysis as made in paper II.  

 The magnitude of the errors considered for robustness analyses are 

typically the 85% CI for the setup and range uncertainties. The 85% CI (1.44 

for normal distributions) was originally proposed by Goitein (1983) and has 

been adopted as a reasonable parameter to use for clinical purposes (Albertini 

et al 2011, Lowe et al 2016, Paganetti 2012b). This typically results in range 

uncertainty margins of approximately ±3% in the clinic (Paganetti 2012b, 

Yang et al 2012). However, the treatment delivery of specific cases can be 

subject to additional range uncertainties due to e.g. the beam arrangements, 

inhomogeneities, organ motion and inter-fractional anatomical changes 

(Paganetti 2012b, Schuemann et al 2014). In paper V, a density uncertainty of 

±3.5% was used in accordance with the current clinical routine at the Swedish 

proton centre in Uppsala, the Skandion Clinic.  

 The error calculations of a treatment plan are then commonly made for a 

finite number of error scenarios of rigid setup and fixed density errors, 

resulting in a set of potential dose distributions. The setup errors are typically 

sampled on the surface of a sphere with a radius equal to the 85% CI of the 

setup error (Albertini et al 2011). The resulting dose distributions could then 

be evaluated in several ways but are commonly presented as error bands of 

the DVHs to indicate the worst-case scenarios, as in papers I, II and V. Figure 

4.2 shows an example of such DVHs with error bands for the CTV and the 

rectum for the same prostate treatment as in Figure 4.1. 

  A conservative approach is then to evaluate all the obtained DVHs 

separately with the objective that e.g. the target coverage and OAR constraints 

should be fulfilled in all scenarios, or in a certain fraction. Such a robustness 

evaluation was utilised in paper I for three prostate cases, and as a 

retrospective robustness analysis for delineated toxicity volumes in paper V. 

This kind of robustness evaluation is conservative mainly since it assumes 

equal weight on all error scenarios, even though this may not be the case, and 

since it ignores that the treatment is delivered in a fractionated manner by 

assuming that the accumulated worst-case dose distribution consists of 

repeated fractions of the worst-case dose distribution for a single fraction. 
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Figure 4.2. Nominal dose volume histograms (DVHs) for the clinical target volume 

(CTV) and the rectum for a prostate treatment with the corresponding error bands that 

indicate the worst-case scenarios under the presence of setup and density uncertainties 

for a proton treatment plan. An RBE of 1.1 without any uncertainty was assumed. The 

triangles indicate examples of clinical goals aiming for a uniform DRBE of 78 Gy 

(RBE) in the PTV, while limiting the DRBE to the rectum. 

 To account for the limited error sample and the fractionated treatment, 

one could perform comprehensive sampling of error scenarios within the 

error-space and create a large set of possible accumulated dose distribution for 

evaluation. However, even though such methods may be realistic, they are 

both time and resource consuming, hence, not always suitable in a clinical 

environment. On the other hand, they could be used to validate the accuracy 

of using a smaller subset of the error-space to derive worst-case estimations 

of the dose distribution. This was done in the study by Casiraghi et al (2013), 

which concluded that even though worst-case approaches using a small 

number of error scenarios may underestimate the maximum dose error in 

small regions close to density heterogeneities, they are generally good enough 

to detect dose error regions. Furthermore, the effect of fractionation could be 

included into the small subset sample evaluation by assuming that the dose 

distribution obtained for a voxel is normally distributed over the course of 

treatment (Lowe et al 2016). Due to the convergence of the random setup 

error, the  of the normal distribution decreases inversely with the square root 

of the number of fractions, as shown and validated against a more 

comprehensive sampling of error scenarios in the original study by Lowe et al 

(2016). This method was utilised in the robustness analysis in papers II and 

III together with the RBE model uncertainties. Such method results in an 

independent lower and upper dose boundary for each voxel, which could be 

used to form lower and upper estimates of the DVHs. These worst-case DVHs 
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do not correspond to realisable dose distributions, but have been validated as 

realistic estimates of the DVH boundaries (Lowe et al 2016). 

 In principle, a robustness evaluation like the ones described above for 

proton plans could also be performed for photon plans. However, due to the 

reliance on the dose invariance and the minor effect of density changes, this 

is seldom done. On the other hand, such a robustness evaluation could ensure 

that the assumption of similar TCP between photon and proton plans is valid, 

which is a criterion to be able to select patients suitable for proton therapy 

based on the potential NTCP reduction. Furthermore, the uncertainties in the 

OAR doses and NTCPs could be derived by such an analysis. Hence, in papers 

I and III, the robustness evaluation was performed both for proton and photon 

plans. 

 

4.4.2. Robust optimisation 

Instead of evaluating the robustness of a proton plan after its initial 

optimisation, the robustness could be incorporated already in the plan 

optimisation by utilising a robust optimisation algorithm. As for the 

evaluation, all quantifiable errors could potentially be included. The clinical 

focus has been on setup and density uncertainties, even though e.g. four-

dimensional robust optimisation including uncertainties in time structures of 

the treatment delivery and organ motion has been proposed (Engwall et al 

2018). By using a robust optimisation algorithm, the concept of the safety 

margins for the CTV becomes obsolete. Instead, the optimiser seeks for a 

robust solution where the CTV coverage and/or OAR objectives are optimised 

over a set of error scenarios. Schematically, two robust optimisation 

approaches may be identified: (1) the stochastic programming that optimises 

the expected plan quality and (2) minimax optimisation that optimises the plan 

quality of the worst-case scenario considered. 

 In the stochastic programming, each error scenario is associated with a 

weight reflecting its relative importance. The optimisation then consists of 

minimising the expected value of the objective function evaluated on all 

scenarios. The assigned weight could be interpreted as the probability that a 

certain error scenario occurs but may also be viewed in a more general way as 

the weighting factor reflecting the importance for a good plan quality for the 

error scenario of interest. Several studies have applied stochastic 

programming in IMRT and IMPT (Unkelbach et al 2018). 

 Several minimax optimisation approaches have been proposed, including 

the composite (Fredriksson et al 2011), objective-wise (Chen et al 2012) and 

voxel-wise worst-case optimisation (Pflugfelder et al 2008, Unkelbach et al 

2007). The composite worst-case optimisation minimises the composite 

objective function of the worst scenario. Thus, the correlation between the 

voxels is maintained as all voxel doses come from the same error realisation. 

In the objective-wise optimisation, each constituent dose objective is 

considered independently affected by the uncertainties. Hence, for a given 

objective, all voxel doses are from the same error scenario, but different 
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objectives could be affected by different error scenarios. The voxel-wise 

worst-case optimisation assumes that each voxel is independently affected by 

the uncertainties. Thus, the penalty for each voxel is based on the worst-case 

dose that each voxel could receive and hence the voxel dose correlation is not 

maintained. A comprehensive evaluation of these different minimax 

approaches concluded that the objective-wise optimisation was outperformed 

by either the composite or the voxel-wise optimisation for all scenarios studied 

(Fredriksson and Bokrantz 2014). The composite optimisation was considered 

suitable for DVH constraints and gave sharp dose gradients, whereas the 

voxel-wise optimisation was suitable for severe conflicting objectives as it 

does not disregard easy scenarios but was regarded ill-suited for DVH 

constraints due to its conservatism. A comprehensive review of the concept of 

robust optimisation in radiation therapy is found elsewhere (Unkelbach et al 

2018). 

 The composite minimax robustness optimisation by Fredriksson et al 

(2011) was used in paper III for the IMPT breast plans. Even though only 

setup and density uncertainties were included in the optimisation (5 mm and 

3% for the CTV), the plans proved to be robust against breathing motion for 

both CTV and the OARs assuming an RBE of 1.1. This was mainly due to the 

correlation between beam directions and breathing motion and the small 

anatomical changes caused by the motion of a few millimetres as discussed in 

the paper.  

 

4.5. Biologically-based treatment planning 

Instead of basing treatment planning on dose-volume limits as surrogates for 

biological effects, these can be combined, or even replaced, by biologically 

based clinical goals and optimisation functions. In principle, any biological 

model could be used in plan optimisation and evaluation, including e.g. EUD, 

RBE, TCP and NTCP from section 3.4, overall survival models (Modiri et al 

2018), complication-free tumour control models (Lind et al 1999), and various 

radiosensitivity models (Bentzen 2005, Toma-Dasu et al 2012). However, 

even though biological models can be useful in the planning process, they 

should be used with caution due to the uncertainties associated with 

predictions of biological effects. This especially if the models suggest non-

standard treatments plans as the uncertainties increase for non-reference 

conditions. Hence, a reasonable strategy seems to be to combine physical and 

biological goals and/or objectives functions.  
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4.5.1. Relative biological effectiveness (RBE) in proton 

planning 

In ion therapy, the use of biological models in the treatment planning is 

inherently incorporated in the concept of the DRBE, as the physical dose is 

scaled with a factor for each voxel to account for the RBE. As aforementioned, 

a generic RBE of 1.1 is clinically used in proton therapy (ICRU 2007), 

whereas variable RBE models are standard for carbon ion therapy. Several 

studies have included variable RBE models in plan evaluation for proton 

therapy, indicating a potential increase of adverse effects compared to RBE = 

1.1 (Carabe et al 2012, Giovannini et al 2016, Tilly et al 2005, Underwood et 

al 2016, Wedenberg and Toma-Dasu 2014, Yepes et al 2019). This is in line 

with the individual papers of this thesis, where also the RBE model 

uncertainties were incorporated into the robustness evaluation. Furthermore, 

it has been shown feasible to implement variable RBE models directly in the 

optimisation (Frese et al 2011, Guan et al 2018, Resch et al 2017). Such 

methods may then mitigate the enhanced RBE in OARs reported for plans 

optimised assuming RBE = 1.1. In the study by Sánchez‐Parcerisa et al 

(2019), the constant RBE = 1.1 was used for the target to ensure an adequate 

tumour coverage in terms of physical dose, whereas a variable RBE was used 

for all normal tissues to mitigate potential RBE effects there. However, due to 

differences between RBE models and the large uncertainties in predicting 

individual RBE values, indirect RBE optimisation approaches have also been 

proposed (An et al 2017, Cao et al 2018, Tseung et al 2016, Unkelbach et al 

2016). These studies penalise high LET values in OARs as a surrogate for 

high RBE values, as the RBE increases with increasing LET (see section 

3.3.1). Generally, the LETd is minimised in OARs, often weighted with some 

factor and the local dose since a high LETd in a low dose voxel is of no clinical 

concern. Some studies also tried to increase the LETd in the target in order to 

enhance the RBE, either using manual planning (Bassler et al 2014, Fager et 

al 2015), or by direct incorporation in the objective function (Cao et al 2018). 

In paper I, the dose re-optimisation method based on the LETd distribution 

was proposed in order to achieve a uniform DRBE in the target assuming a LET-

dependent RBE model. This method utilised only dose-based optimisation, 

where the dose objectives where altered based on intermediate calculations of 

the LETd distribution. Subvolumes of the target with similar LETd where 

identified for optimisation, but in principle can the subvolumes be individual 

voxels. A step further was taken in paper IV, where a novel indirect RBE 

optimisation method was proposed. The optimisation method exploits the 

correlation between the position where the proton stops and the enhanced 

LETd and DRBE at the end of range, which is illustrated in Figure 4.3 for a 

SOBP in water. Note that the peak of the track-end distribution (scoring where 

the protons stop) spatially correlates with a high LETd and the most 

pronounced effect of the DRBE.  

  



4. Radiation therapy 

67 

 

Figure 4.3. Central axis depth distributions in water for a 4 cm wide SOBP. Left y-

axis: RBE-weighted dose with an RBE of 1.1 (DRBE=1.1), RBE-weighted dose with 

the Wedenberg RBE model (DRBE=Wedenberg), and the proton track-end distribution in 

relative scale. A central SOBP dose of 1.82 Gy and an α/β of 3 Gy were assumed for 

the Wedenberg RBE model. Right y-axis: The dose-average linear energy transfer 

(LETd) for doses >1%. Note that the LETd and track-end distributions only consists 

of protons. 

 The track-end of each primary proton was scored as one count in the 

voxel where the transport of the proton was terminated. The novel so-called 

track-end objective then penalises protons stopping in an OAR, in order to 

reduce the RBE, through a quadratic penalty function calculated from the ratio 

of track-ends in the OAR to the total number of track-ends in the patient. 

Hence, the ratio is between zero and one and should be minimized in the OAR 

of interest. The track-end objectives were then added to the regular physical 

dose-based objective function (fD) to form the optimisation problem of 

minimizing the general composite objective function (F):  

 

 

F = fD + λTE
OAR

 × H(TEOAR − TEmax
OAR) × 

[TEOAR − TEmax
OAR]

2

[TEmax
OAR]

2
, (4.1) 

 

where λTE
OAR

 is the relative weight of the track-end objective for the OAR of 

interest, TEOAR is the fraction of proton track-ends falling in the OAR, and 

TE𝑚𝑎𝑥
OAR  is the maximum allowable proportion of proton track-ends in the OAR. 

H(TEOAR − TEmax
OAR) is the Heaviside function, which is equal to one if the 

argument TEOAR − TEmax
OAR is equal to or larger than zero, otherwise it takes the 

value zero. The extension to have track-end objectives acting on multiple 

OARs is straightforward by adding additional track-end terms to Equation 
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(4.1). The track-end optimisation is closely related to LET-optimisation, as 

these methods essentially aim at shifting protons from stopping at the target 

margins with distal critical OARs toward the central regions of the target or 

parts of the target margins without distal critical OARs. In accordance with 

LET-optimisation, the track-end optimisation could easily be extended with 

an objective to increase the number of proton track-ends in the target volume. 

In paper V, the track-end optimisation was combined with an extra beam 

compared to the clinical plans in order to allow better conditions to redistribute 

the proton track-ends away from critical structures.  

 A natural step forward in proton optimisation would be to be robust 

against RBE uncertainties, thus, include RBE uncertainties together with 

physical uncertainties in the objective function of a robust optimisation 

framework (see section 4.4.2). In this context, a plan robust against RBE 

uncertainties would not exceed the clinical goals in terms of DRBE even if the 

RBE is higher than expected, nor would it deliver DRBE lower than the 

prescribed DRBE to the target if the RBE is lower than expected (Unkelbach 

and Paganetti 2018).  

 

4.5.2. Biologically-based patient selection 

Biological models may also be useful in plan comparisons, as it could be 

difficult to rank plans solely based on the DVHs and dose distributions. The 

difference in NTCPs (ΔNTCP) between photon and proton plans has been 

proposed to be the basis for selecting patients eligible for proton therapy 

(Langendijk et al 2013). This selection process is generally done assuming the 

constant RBE of 1.1, and postulates that the TCP should be equal for the two 

modalities. Under this assumption, the therapeutic gain for a specific patient 

could be quantified by simply evaluating the ΔNTCP. Such a methodology is 

elegant and constitutes a systematic patient selection system, given that the 

TCPs are equal, the ΔNTCP calculations are accurate and that adequate 

threshold selection values are used. As proposed by Langendijk et al (2018), 

this could be further ensured by using a feedback loop in the system where the 

accuracy of the TCP and NTCP models is continuously monitored and revised 

if needed. In the Dutch model-based selection, grade I toxicity is excluded, 

whereas ΔNTCP thresholds for proton therapy selection are ≥ 10 percentage 

points (pp), ≥ 5 pp, and ≥ 2 pp for grades II, III and IV–V toxicity, 

respectively. If for example two grade II toxicities are considered, the patient 

will also be eligible for proton therapy if the sum of the two ΔNTCPs exceeds 

15 pp (Langendijk et al 2018). H&N cancers have been the primary target 

group for the initial phase of this model-based selection (Arts et al 2017, 

Bijman et al 2017), using several multivariable NTCP models (Beetz et al 

2012, Christianen et al 2012, Wopken et al 2014). 

 However, such a system also has drawbacks. In line with findings in the 

individual papers in this thesis, several studies have indicated that biases in 

favour or proton plans may be introduced when excluding the variability of 

the RBE (Carabe et al 2012, Tilly et al 2005, Underwood et al 2016, 
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Wedenberg and Toma-Dasu 2014). On the other hand, the clinical data 

supporting this is scarce, even though both pre-clinical (Sørensen et al 2017) 

and clinical (Peeler et al 2016) studies indicating an increased RBE for in vivo 

endpoints have started to emerge. Moreover, in a recent review article, a 

consensus statement was reached that increased LET, hence increased RBE, 

contribute to brainstem injury for posterior fossa tumours located adjacent to 

the brainstem following paediatric proton therapy (Haas-Kogan et al 2018).  

 Furthermore, as the ΔNTCP is calculated as a single value, the 

uncertainties in the RBE, dose distributions and NTCP models are ignored to 

some extent. By including these uncertainties in the resulting CI of the NTCP 

for photon and proton plans, it is likely that the two intervals will overlap to 

some degree, as shown in the results of papers I, II and III. Other studies have 

also pointed out that the uncertainties in dose and NTCP model parameters 

highly influence the accuracy of the patient selection based on ΔNTCP (Arts 

et al 2017, Bijman et al 2017). With NTCP intervals as input to a patient 

selection system, a single ΔNTCP threshold value to determine if a patient is 

eligible for proton therapy is probably not enough. The uncertainties must be 

reduced substantially, or a more complex threshold function that accounts for 

the probability distribution function of the NTCP could be required. The latter 

approach has been investigated in a study where the selection of proton 

therapy for H&N patients was based on estimates of the difference in quality-

adjusted life years between photons and protons (Brodin et al 2019). CIs of 

the benefit were derived using MC sampling to account for the underlying 

uncertainty in the NTCP model parameters but not in the RBE. 

 Moreover, if variable RBE models are used for evaluating the tumour 

dose, the calculated TCP will no longer necessarily be equivalent to the photon 

plan, as indicated by the results in this thesis. Instead, it will be a function of 

tumour characteristics, fractionation dose and the LET distribution. This 

might affect the selection system, which relies on the assumption that the 

therapeutic gain might be quantified using simply the ΔNTCP values or gain 

in quality-adjusted life years. On top of this, the methodology may potentially 

cause an underuse of the capability of the experimental modality, which in this 

case is proton therapy, because the potential of increasing the TCP is not fully 

explored as the system relies on the equality between the modalities. Thus, the 

precondition of an equal TCP might restrict the domain of possible treatment 

plans and result in a suboptimal plan selection.  

 In a small sample study, the selection of proton patients was evaluated 

for simple integrated boost scenarios including the variable RBE for a prostate 

and H&N case (Ödén et al 2019). The results indicated that realistic dose 

escalations not necessarily affect the patient selection for prostate treatments, 

whereas the variable RBE models may degrade proton plans and affect the 

patient selection for H&N cases. The introduction of the boost volume did not 

seem to affect the selection, although the ΔNTCP threshold was slightly closer 

to be reached for the boost plans compared to the standard plans. This 

indicates that there might be room to investigate this further, where one could 

think of maximising the TCP given fixed NTCPs, or simultaneously 
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maximising TCP and minimising NTCPs. The latter approach seems more 

tempting since it is seeking a maximisation of the therapeutic gain in the 

process of selecting patients eligible for proton therapy. Such an approach 

becomes especially appealing if additional information about the tumour is 

added in terms of e.g. functional imaging and biomarkers allowing for dose-

painting strategies in the search for increasing the TCP.  
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5. Concluding remarks 

 

Despite the principles of radiation biology, and the large amount of data and 

scientific literature on potential effects of the variability of the relative 

biological effectiveness of protons, it is not yet explicitly incorporated in the 

clinical standard care. Thus, proton therapy is delivered worldwide assuming 

a constant factor as surrogate for this complex quantity. Even though the 

clinical evidence still is scarce, this might affect the clinical outcome and 

possibly increase the adverse risks for patients receiving proton therapy. To 

assess this, more clinical and transitional research is warranted in order to 

study the clinical impact and to introduce more advance modelling of radiation 

biology into the clinic.  

 Although the use of in vitro based models on in vivo system is common 

practice in radiation therapy, it is debateable due to the increased complexity 

of tissues compared to cell cultures. On the other hand, applying such models 

on clinical cases can be of importance in terms of showing trends and possible 

effects to study in more detail for larger patient cohorts. In conformity with 

the present scientific literature, the work in this thesis has indicated the risk of 

underestimating radiation-induced toxicities when excluding the variations of 

the proton relative biological effectiveness. It has also highlighted the 

importance of combining physical treatment related uncertainties with 

biological model uncertainties in the planning process to understand possible 

synergistic effects. Furthermore, this work has also demonstrated how indirect 

biological objectives can be combined with physical objectives in order to 

guide the optimisation towards a solution that might be biologically 

advantageous compared to a standard optimisation. With the proper clinical 

balance, this might be achieved to a minor clinical cost and without 

compromising the physical criteria in current treatment protocols based on the 

constant RBE of 1.1. 

 In summary, by incorporating the best knowledge of the proton relative 

biological effectiveness and including the effects of the known physical and 

biological uncertainties into the plan optimisation and evaluation procedures, 

the benefit of proton therapy might be maximised, and treatment decision can 

be made on more solid grounds. However, when including such potential 

effects, there should be a balance between the likelihood of the effect and the 

weight it is carrying in the final treatment selection, i.e. the level of 

conservativeness should be as realistic as possible in order to serve its purpose.   
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6. Summary of papers 

Paper I 

Inclusion of a variable RBE into proton and photon plan comparison for 

various fractionation schedules in prostate radiation therapy 

In paper I, the impact of disregarding variations in the RBE when comparing 

proton and photon dose plans for prostate treatments was evaluated for several 

fractionation schedules using three variable RBE models and several α/β 

assumptions for the tissues. Furthermore, a re-optimisation method based on 

the LETd distribution was proposed. The method was aimed as a pragmatic 

solution to achieve a homogeneous DRBE to the prostate when applying a 

specific RBE model, with only physical dose objectives, while fulfilling the 

clinical goals for the rectum and bladder. 

 The study demonstrated that model-predicted RBE values might differ 

substantially from the constant RBE of 1.1. This was most pronounced for 

fractionation doses of around 2 Gy (RBE), whereas the effect seems to be of 

less importance for the hypofractionated schedules. For rectum toxicity of 

grade II or higher, the variable RBE models generally predicted higher NTCPs 

than the reference photon plans, whereas similar or lower values than the 

photon plans were predicted assuming an RBE of 1.1. The proposed 

optimisation method generated robust and clinically acceptable prostate 

treatment plans when assuming a specific variable RBE model. 

 

Paper II 

Incorporation of relative biological effectiveness uncertainties into proton 

plan robustness evaluation 

This study presented a two-step method where the uncertainties in RBE, 

patient setup and density were incorporated into the proton robustness 

evaluation. In the first step, the worst-case fractionation dependent physical 

dose was estimated under the influence of setup and density errors. The second 

step used the worst-case dose estimates as input to estimate the worst-case 

DRBE for the chosen RBE model including uncertainties in model parameters, 

LETd and α/β of the tissue. The method was applied to breast, H&N and 

prostate plans for several fractionation schedules using two variable RBE 

models.  

 The study demonstrated that DRBE variations might be underestimated if 

a constant RBE of 1.1 is assumed. The uncertainty in α/β was the dominant 

factor causing this for the selected RBE models. This could affect the 
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calculated NTCPs and be of importance when comparing photon and protons 

plans in terms of ΔNTCPs. One of the variable RBE models predicted the 

range of the average RBE in the CTV to be 1.11–1.26, 1.06–1.16 and 1.14–

1.25 for the breast, H&N and prostate cases, respectively, for fractionation 

schedules delivering 2 Gy (RBE) per fraction. The enhanced RBE for the 

breast and prostate cases was due to the assumptions of relatively low α/β 

values. 

 

Paper III 

The influence of breathing motion and a variable relative biological 

effectiveness in proton therapy of left-sided breast cancer 

The aim of Paper III was to assess the impact of breathing motion and variable 

RBE on the NTCP-based patient selection between proton and photon therapy 

for a cohort of twelve left-sided breast cancer patients. The study utilised the 

robustness evaluation method proposed in paper II together with three CT 

scans per patient to estimate the effect of breathing motion.  

 The variable RBE model used predicted an average RBE of 1.18 in the 

CTV, and even higher values in the OARs. However, due to low OAR doses, 

the high RBE values had only a minor dosimetric and radiobiological impact. 

In conclusion, although the effect of breathing motion and variable RBE was 

minor in most cases, the study concluded that the minor cost of a 

radiobiological evaluation still motivates it to be performed in order to be able 

to identify outlier cases at risk for high OAR doses. 

 

Paper IV 

Introducing proton track-end objectives in intensity modulated proton 

therapy optimization to reduce linear energy transfer and relative 

biological effectiveness in critical structures 

In paper IV, a novel optimisation method for proton therapy was proposed. 

The method aimed to reduce the LETd, hence the RBE, in critical structures 

while maintaining the physical target dose. This was achieved with the use of 

so-called proton track-end objectives in the optimisation, which penalise 

protons stopping in OARs. This is an appropriate surrogate for LETd and RBE 

reduction, as both increase rapidly at the end of the proton range. The method 

was applied to three H&N and three intracranial cases. 

 The use of track-end objectives allowed for reductions of the LETd, 

without compromising the target dose. Hence, lower DRBE and NTCP were 

predicted in several OARs. These results were independent of RBE model, if 

the RBE is predicted to increase with increasing LETd. Since the optimisation 

was based on the constant RBE of 1.1, the optimisation method has the 

potential to be implemented in the current clinical practice without changing 

clinical protocols. 
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Paper V 

Spatial correlation of linear energy transfer and relative biological 

effectiveness with treatment related toxicities following proton therapy 

for intracranial tumours 

This study presented a retrospective analysis of three clinical cases with 

suspected treatment related toxicities following intracranial proton therapy. 

The clinical treatment plans were recalculated for 81 error scenarios (patient 

setup and density) and evaluated using the constant RBE of 1.1 and two 

variable RBE models. Subsequently, four alternative plans were created to 

investigate the potential reduction of LETd, DRBE and NTCP while maintaining 

the physical target dose. In two of the plans, the proton track-end optimisation 

method developed in paper IV was utilised.  

 Although individual risk factors were excluded and the causality between 

toxicity and RBE cannot be established, the high LETd regions correlated well 

with the toxicity volumes. This resulted in predicted average RBE values 

around 1.3, substantially higher DRBE compared to 1.1, and hence higher 

NTCPs. The alternative plans using both an extra beam and proton track-end 

objectives allowed substantial reductions in in LETd, DRBE and NTCP 

compared to the clinical plans without compromising the mean DRBE to the 

healthy brain nor the physical target dose.  
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